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As gold ores become more challenging to treat, it is increasingly important that the 
impact of refractory behaviors on recovery is understood. For example, gold extraction and 
recovery faces many challenges when associated with, or occluded by, sulfides, as the gangue 
material can produce cyanicidic complexes or even passivating films on the gold surface. By 
using a methodology developed by Claude Bazin in 1994 in his research, the correlation of 
mass:gold, mass:sulfur and sulfur:gold by particle size distribution on recovery was developed 
for a low-sulfide gold ore from the Waihi Favona mine. This represents a unique application of 
Bazin’s method as previous work had been done on sulfide ore flotation. 
Overall, gold recovery values increase as P80 decreases and the higher-grade drum 
material samples tended to have higher overall recovery values. The lowest recovery in both the 
bucket and drum materials samples occurred in the coarsest samples, which automated 
mineralogy revealed as showing silica encapsulation of gold particles. There was no pyrite 
encapsulation found in the bucket material samples, and total pyrite encapsulation was rare in the 
drum material samples. In this research, overall gold recovery values ranged from 75 to 92%. 
Recoveries in the mid-80s can be routinely achieved in samples that had a P80 of either 200 or 
270 mesh, and in the low 80s in the samples with a 150 mesh P80. This suggests that the mill 
could reduce fine grinding energy costs by as much as 34%, or nearly NZ$700,000 annually. It is 
also conceivable that as a consequence of a coarser required grind, plant throughput could be 
increased, thereby reducing operating costs further. 
The total sulfur content did not change significantly as a result of cyanide leaching. 
Plotting the overall change in sulfur content against overall recovery did not show any strong 
correlation. Examining gold recovery by size fraction shows that recovery does increase as the 
head sulfur value increases, but this is believed to be a result of increasing liberation with 
continued grinding, since the size fraction with the highest sulfur content is also in the finest size 
of -400 mesh. 
The Rosin-Rammler analysis shows that particle distribution of a sample does not change 
greatly as a function of leaching. The Rosin-Rammler analysis of the mass:sulfur:gold ratios do 
show some change, most noticeably in the coarsest size fraction of each sample. Mass:gold ratios 
 iv 
showed a drop in particle size and an increase in mass retained. Mass:sulfur ratios did not show 
as much of a change in particle size, but percent retained did increase after leaching. Sulfur:gold 
particle size decreased, but the percent retained decreased. Creating a model of the ratios showed 
trends that can be used to predict ore-specific gold recovery. The best predictor is the mass:gold 
distribution, followed by the mass:sulfur distribution, which both describe gold liberation. 
Sulfur:gold was not found to be a good predictor of extraxtion for these gold ores. 
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 This chapter discusses the cause of project initiation, the scope of research, and the mine 
material was sourced from. 
1.1 Project Initiation 
Based on a laboratory testing vs operating mill data discrepancy, this project was created 
to develop a more accurate scaling function that correlates laboratory gold recovery in sulfide-
associated gold ores. The gold ores of interest to this project are those from the Waihi Favona 
mines. In practice, these ores are ground to fine sizes (P80s of 38-53 µm) to order to liberate the 
gold for recovery by cyanidation. Laboratory testing shows that gold recovery should be 
occurring one sieve size finer than what is actually seen in the plant. This suggests that the lab 
testing overstates the sensitivity of grind-recovery relationship, resulting in plant conditions that 
liberate more of the material than necessary. In this study, the correlation of particle size and 
gold recovery, and the relation between a particle's mass, gold and sulfur content will be 
described with a Rosin-Rammler model developed by K.C. Runge [1] after C. Bazin's style of 
analysis [2]. This analysis was originally developed by Bazin in 1994 to describe flotation 
recovery and observed a single relationship between the cumulative mass and metal distributions 
at different grind sizes in both industrial and laboratory scale data. This thesis research is the first 
known attempt to apply Bazin’s method to gold cyanidation. It was anticipated that this could be 
applied to better correlate lab and plant data, with special attention to mass:sulfur and sulfur:gold 
distributions and their impact on the particle size and gold content relationship. 
The driving factor in this investigation is the potential cost savings that would result from 
increasing the particle size fed to the cyanide leaching stage. Energy use for the comminution is 
an important parameter in a process often representing 50% of the total operating cost. This is 
particularly acute in the grinding stages as energy use increases almost exponentially as the 
product size decreases. Newmont supplied a Bond work index value for the ores tested in this 
project of 19.1 kWh/ton. This is very hard and further accentuates energy use in grinding. They 
also stated the plant capacity at 86 tph and 125 tph depending on the ore source. For example, 
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assuming the F80 entering the ball mill circuit is 2000µm (-10 mesh), and the current P80 exiting 
is 53 µm (270 mesh), the ball mill circuit has a power draw of 21.96 kWh/ton. If the product size 
can be increased to 74 µm (200 mesh), the power draw requirement will drop 18.4% to 17.94 
kWh/ton. Assuming electricity costs the mill NZ$0.12 per kilowatt hour [3], and the hourly 
throughput is a minimum of 86 tph [4], this would save the mine about NZ$380,000 per year. By 
increasing the product size to 150 µm (100 mesh), the largest P80 investigated in this study, the 
power draw is reduced by 48.2%, and therefore annual grinding power costs by almost 
NZ$1,000,000. If the throughput is maximized to 125 tph, these product size changes could save 
about NZ$550,000 and NZ$1,500,000 per annum, respectively. This will likely result in not only 
significant operational cost savings but may allow the grinding circuit to increase ball mill and 
downstream throughput and lower grinding ball and liner costs. The combination of increasing 
product size and increased throughput and lowered grinding media consumption would decrease 
the operating costs and increase the profit margin per ton. 
 
1.2 Mine Background 
The Martha Hill region of the Waihi Gold Mine was opened in 1879 and began using 
cyanidation in 1894. The Favona region of the mine became operational in 2006, with 2001 
estimates of 1.1 Mt of 10 g/t. Favona ore is a matrix system composed of breccias, supported 
with sub-angular to rounded clasts of andesite. Localized veins of quartz and sinter are hosted by 
feldspar phyric andesite flows with minor pyroclasts. The precious metal mineralization of 
Favona ore is fine material, with electrum ranging from one to two µm. Silver was 
predominantly found in tetrahedrite and acanthite [4]. 
A market study reported by S&P Global [5] shows that modern development of the 
Martha and Correnso (Gladstone Hill) regions of the Waihi region started in 1997, which 
assessed a 2km strike of epithermal alteration that contained values of up to 14g/t gold and 30 g/t 
silver. Resource estimations of Gladstone Hill in late 1999 showed potentially 2.9Mt of 2.1g/t 
gold, with an additional strike showing gold values from 4.1g/t to 19.8g/t. Feasibility studies for 
the Favona and nearby Silverton region began in March of 2001, with the permitting process for 
Favona beginning in the last quarter of 2001. Exploratory drilling in 2006 during the feasibility 
study showed potential ore body extensions. 
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The processing plant was modified to treat both Martha and Favona ores in campaigns, 
usually 125 tph and 86 tph, respectively. The mill flowsheet is shown in Figure 1.1, page 3. 
Favona ore processing begins after stockpile reclamation, where the ore is placed on a conveyer 
that passes under a magnetic conveyer belt before being fed into a jaw crusher with a close side 
gap of 110mm. The ore is then fed to a SAG mill charged with 125mm forged steel balls at a 
load of 20%. Oversize is passed to a cone crusher with a closed side setting (CSS) of 16mm 
before regrinding in the SAG mill. SAG undersize is cyclosized in a 20” cyclone with the 
underflow going back to the SAG mill. Overflow is fed to a ball mill discharge hopper, which 
supplies 10” cyclones. This cyclone overflow is fed to a screen with apertures of 600 µm into the 
pre-leach thickener. The 10” cyclone underflow is fed to a ball mill charged with 25mm chrome 
alloy balls. Power draw for the SAG mill is 1650-1700 kW at 77% critical speed, 40kW for the 
cone crusher and 1200 kW for the ball mill. Primary grinding of the Favona ore aims for a P80 of 
92 µm, which is reduced to 53µm in secondary grinding.  
 
 
Figure 1.1     Flowsheet of the Waihi mill. 
 
The thickener is flocked with Magna Flocc 5250 to supply a 42% solid discharge, which 
is then supplied to cyanidation and CIP circuit. This circuit has five leaching tanks and seven 
adsorption tanks, with a residence time of 48 hours. Cyanide is added to achieve 420 ppm. 
Quicklime is added to the SAG mill feed to reach and maintain a pH of at least 10.4 for the 
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leaching tanks. Carbon flows counter current to the ore and leach liquor and is supplied at 50g/t. 
Precious metal loading is targeted at 1200 g/t for gold and 4000 g/t for silver. Oxygen is sparged 
in each of the leaching tanks [4]. 
Carbon is stripped with a 3% hydrochloric solution to remove calcium deposits. The acid 
is removed with a cold-water wash before the carbon is stripped in a 3% caustic and 3% sodium 
cyanide solution at 100ºC. Carbon regeneration occurs at 650ºC, with the pregnant eluate 
supplying electrowinning cells. These cells produce gold-silver doré, which is melted and 
slagged. The doré, averaging 20% gold and 80% silver, is melted, poured into bars and shipped 
for final refining. 
The Waihi plant operates as a water positive plant due to high rainfall and has now filled 
the original tailings dam. A second tailings dam has been constructed and is the current 
receptacle for tailings. Excess water is treated on-site to remove cyanide and heavy minerals. 






 This chapter provides background information on project initiation and the leaching of 
sulfidic gold ores. Information gained from this literature review allows for the understanding of 
underlying leaching mechanisms that may vary in importance when applying this research to 
new ores and leaching conditions. 
2.1 Project Background 
In order to better correlate grinding circuit and floatation simulations, C. Bazin et al. 
(1994) [2] divided his method into three sections: metal:solid distributions, size-based mineral 
distribution and recovery predictions. Bazin used laboratory data from a previous study 
conducted by Grant et al. (1991) and operational data from Brunswick Mining and Smelting 
Corporation to verify his methodology and to best isolate the impact of particle size on flotation 
recovery from other operational variables. One of the most crucial assumptions Bazin made was 
assuming a single relationship between cumulative mass and metal distributions at different 
grind sizes, independent of laboratory or industrial data [1]. This assumption is also an important 
aspect of KC Runge, E. Tabosa and P. Holtham’s (2014) work, comparing a particular Rosin-
Rammler model to three different sets of plant data, 
 
yi=100(1-exp [ln (1- P100) (diR)α]) (2.1) 
 
where y is a given size fraction, d is the function of size, P is percentage passing the chosen 
reference R, and α is the shape of the size distribution parameter [1]. Runge used the Rosin-
Rammler equation to find the most optimized operating conditions for each of the three 
scenarios, comparing it with specific modeling scenarios developed in JK SimMet and JK 
SimFloat. These scenarios were based on plant data of copper-gold and copper-molybdenum that 
focused individually on energy draw, throughput or metal recovery [1]. To date, the Bazin 
method has been applied to sulfide ore flotation. As such, this thesis is a novel attempt to apply 
this method to gold cyanidation of refractory sulfide ores. While both flotation and gold 
cyanidation recoveries are influenced by particle size and liberation of valuable components, 
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their responses are different. As seen in Figure 2.1, below, the “elephant curve” indicates optimal 
sizing necessary for maximized flotation recovery and kinetics. Large particles suffer in recovery 
from poor liberation while very small particles suffer in recovery from low collision efficiencies. 
Conversely, as will be elucidated in more detail later in this thesis, gold cyanidation is a 
heterogeneous kinetic process often controlled by particle diffusion effects. In this case, as 
particle size decreases, the gold leaching rate and recovery always increase directly. So, the 
process responses to particle size for flotation and cyanidation are inherently distinct. 
 
 
Figure 2.1     Conventional flotation data for industrial sulfide flotation circuits 
 
 Accordingly, the Bazin method was applied in this research in three steps. First, head and 
tail gold ore samples were fire assayed and analyzed by LECO for total sulfur and total carbon to 
determine a metal to solid mass, metal to sulfur and sulfur to solid mass distribution throughout 
the size fractions. Second, both Advanced Mineral Identification and Characterization System 
(AMICS) and X-Ray fluorescence (XRF) analysis were used to indicate what the mineral 
distribution is for each size fraction, and if there is significant difference between the head and 
tail samples. Third, recovery for each sample and each size fraction was calculated. Finally, the 
recovery data was correlated to the metal, sulfur and mass distribution to develop a recovery 
model. As suggested by both Bazin and Runge, and as specifically requested by Newmont, the 
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recovery model relied on Rosin-Rammler analysis to produce figures and R2 values to determine 
the quality of correlations. 
2.2 Gold Leaching by Cyanidation 
Cyanidation of gold has been the primary method of gold leaching for well over a century 
since its patent was lodged in 1887 [6], with little definitive exploration into the kinetic 
mechanisms [7] or plant operation optimization [8]. Historical literature reports a wide range of 
leaching rate values and is further complicated by a lack of uniformity of solution agitation, and 
a disagreement on the dominant controlling mechanism [7]. This section will discuss the impact 
of gold purity, leaching reagents, reaction order discussions, and the impact of particle size. 
2.2.1 Impact of Gold Purity 
Kudryk and Kellogg (1954) [9] were the first to conclusively show that gold cyanidation 
is an electrochemical corrosion reaction via polarization curves, and the associated reactions and 
diagram are shown below. Equations 2.2, 2.4 and 2.5 are the oxidation and reduction of gold and 
oxygen, respectively, and are followed by the decompositions of the hydrogen peroxide 
intermediate in Equations 2.6 and 2.7. Gold complexing can be seen in Equations 2.3 and 2.8, 
with the overall reaction in Equation 2.11 (page 9). An illustration of the electrochemical 
reaction as published by Kudryk and Kellogg (1945) can be seen in Figure 2.2, on page 8 [9], 
used with permission of The Minerals, Metals & Materials Society.. 
 
Au↔Au++e-  (2.2) 
Au++2CN-→[Au(CN)2]- (2.3) 
O2+H2O+2e-↔H2O2+2OH-  (2.4) 
O2+2H2O+4e-↔4OH- (2.5) 
2H2O2→2H2O+O2  (2.6) 
H2O2+2e-→2OH- (2.7) 
Au+4CN-+O2+H2O→2[Au(CN)2]-+4OH-  (2.8) 
 
These polarization curves show a peak at -0.4V [7], which has come to be associated with a 
passivating monolayer of AuCN that forms on the surface of the gold. Kudryk and Kellogg 
stated that the gold they used was of at least 99.99% purity, but has come under contest by 
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Jeffrey and Ritchie (2000) [10]. In this study, Jeffrey and Ritchie were able to reproduce quite 
similar polarization graphs using a 99:1 gold-silver alloy, which differs significantly from their 
pure gold polarization curve, prompting the suggestion that Kudryk and Kellogg likely used 
silver-alloyed gold in their experiments. In their 2001 study, Jeffrey and Ritchie show that there 




Figure 2.2     An illustration of the heterogeneous and electrochemical reaction of gold 
dissolution in cyanide solutions. 
 
This provides evidence that film, most likely AuCN in close-packed and parallel chains, 
forms on the gold electrode and is static in the absence of impurities. Leaching proceeded 
normally (no mass increase) in a reagent-grade cyanide solution, and Jeffrey draws the 
conclusion that the impurities cause disruptions in this film, allowing for a higher concentration 
of chain ends and therefore an increased dissolution of the chain ends. The Jeffrey and Ritchie 
2000 study shows that as little as 0.5% silver doubles the reaction rate from that of pure gold. 
Increasing the silver content to 5% nearly triples the leaching rate, an increase of roughly 20% 
from 0.5% silver. Given that most gold ores do not contain pure gold, but instead a gold-silver 
alloy, it is important to understand that laboratory experiments that use pure gold are not directly 
applicable to industry practices.  
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2.2.2 Discussion of Reaction Order 
The currently accepted gold leaching equations were first proposed by Bodlander in his 
1896 study, and are as follows [6]: 
 
2Au+4NaCN+O2+2H2O → 2NaAu(CN)2+2NaOH+2H2O2  (2.9) 
H2O2+2Au+4NaCN → 2NaAu(CN)2+2NaOH (2.10) 
 
which yields the following overall equation [6]: 
 
4Au+8NaCN+O2+2H2O → 4NaAu(CN)2+4NaOH (2.11) 
 
As hydrogen peroxide is an intermediate species, the work of Kudryk and Kellogg (1954) 
were unable to detect its presence and assumed it had an unimportant role, if it was detected. By 
measuring the current vs electrode potential in various cyanide solution concentrations, they 
were able to determine that the reaction is diffusion-controlled. Further exploration showed that 






will yield the optimum leach conditions, as it represents the change from cyanide diffusion 
control (if cyanide:oxygen is less than eight) to oxygen diffusion control (cyanide:oxygen greater 
than 8) [9]. Because the rate-controlling mechanism is diffusion, it is important to remember that 
changes in agitation method and speed, temperature, and reagent concentrations will impact 
gold’s rate of dissolution. 
In 1967, F. Habasi published a paper detailing the history of gold leaching, in which 
notes that gold dissolution is still believed to be diffusion controlled, but that impellor speeds 
over 150 rpm actually show a decrease in dissolution rate, and that the ideal ratio between 
cyanide and oxygen is actually 6 instead of 8, as stated in Equation 2.12. Habashi accredits this 
difference to the discovery that the dependence on oxygen concentration is actually a function of 
its square root as shown by Kakovskii and Kholmamskikh (1960). This new ratio also agrees 
with published data from Deitz and Halpern (1953), White (1934), Kameda (1949) and Kudryk 
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and Kellogg (1954). As of the 1967 publication, it was still believed that cyanide concentration 
and dissolution rate have a linear correlation. In 1996, Crundwell and Godorr investigated the 
leaching mechanism in gold cyanidation, concerned that previous papers had either lumped 
effects together to create a homogenous expression for a heterogeneous process, or failed to 
ensure constant cyanide concentration. This model is based on the shrinking-particle model for 
dissolution. Unlike previous studies, Crundwell developed equations that allowed for variable 
surface area as a passivating film of AuCN formed, and arrived at the following equation for ks 









where ka and kc represent the anodic and cathodic rate constants, respectively, ρAu is the density 
of gold, R is the gas constant, and F the Faraday constant [7]. Their work shows that the leaching 
reaction is not diffusion controlled, as ks must be proportional to a reagent with a power close to 
one. Instead, the reaction is controlled by the formation and dissolution of the passivating layer 
on the gold surface. 
As the dissolution of gold and silver in cyanide solutions has both solid and aqueous 
reagents, it is classified as a heterogeneous reaction. Heterogeneous reactions can be broken into 
five steps, though it is often simplified to three. First, the reacting material is brought together in 
the direction of fluid flow, and the products are carried away by the same flow. Second, the 
aqueous reagent must diffuse to the reaction interface, while the products diffuse from the 
interface. The third step contains three different processes: reactants adsorb onto the surface, 
react, and then the products desorb from the surface. One of these three processes (the diffusion 
of reactants, the surface reaction, and the diffusion of products) is the rate determining step and 
can be found by applying the shrinking core kinetic model. This model assumes that as the 
outermost layers of the particle react, a solid, porous, product is formed, which remains in place 
around the unreacted material [11]. Since the gold and silver cyanide complexes are soluble and 
leave the particle surface, the shrinking core model must be modified for an ever-changing 
surface area. Rosenqvist refers to this as the “case of the diminishing surface,” as gold leaching 
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is dependent on the availability of exposed gold surfaces. The equation for this model can be 








where RA is the rate per unit area, M the molecular weight, do the initial average particle 
diameter, ρ the density, and x is the fraction of reacted solids. 
The dependence of leach rate on cyanide concentration is still recognized in current 
literature [10] [12]). Increasing cyanide concentration on both gold and gold-silver alloys results 
in an increased leach rate, thought the result is more pronounced in the alloy. Jeffrey and Ritchie 
(2001) [13] found that the critical cyanide concentration for an impellor agitated study is 2.1mM 
cyanide. Concentrations above this value will result in gold dissolution controlled by oxygen 
diffusion. In addition, their 2000 work shows that low agitation speeds, under 50 rpm, allow for 
chemical control to dominate. When adding particle size as a variable in the leaching equations, 
Lima and Hodouin (2005) [12] developed two equations. One for gold dissolution, and one for 
cyanide consumption. In creating a lump model, they found that gold dissolution has three 
different reaction orders: two for gold, one for free cyanide, and one-quarter for particle size. The 
rate constant is dependent on particle size, decreasing cubically with particle diameter. Lima and 
Hodouin note that the values for dissolved oxygen reaction order and rate constant differ from 
previous values, the order of magnitude is the same. 
Cyanide consumption is dictated primarily by the content of cyanicides in the ore, but 
also temperature and dissolved oxygen present. It was found that cyanide consumption depends 
on the cubic value of free cyanide concentration. The high copper and iron content may have 
increased this value due to the cyanicidic properties of these metals. Cyanide consumption 
reaction rate decreases as particle size increases, correlated by the inverse square-root of the 
average particle size. Guzeman et al. (1994) [14] also developed equations to determine the size 
distribution and weight fraction retained from the fraction reacted per unit time data. By testing 
the three different gold samples (sand, gold concentrate from sand, and pan) the empirical 
function was verified with good fit for all three samples. As expected, the smaller particles react 
more quickly than the larger particles. The size distribution and weight fraction retained 
equations were verified by the leaching of measured concentrated gold particles. Based on 
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Kameda (1949)’s work that showed particle size distribution could be calculated from the 
fraction of material reacted with time elapsed, Guzman el at. Showed good agreement between 
data and the equations, verifying smaller particles react more quickly and finish reacting before 
the larger particles [14].  
2.2.3 Impact of Leaching Reagent 
 Cyanide is widely feared in the public mind as a potent toxin, leading to cyanidation of 
gold ores to be limited in Montana in 1998 [15], despite no reports of cyanide-caused fatalities in 
the state’s history, and no reports of cyanide fatalities since 1900 [16]. As states and countries 
restrict cyanide use [17], other lixivants have been explored. In order to be viable, alternative 
lixivants must be inexpensive and recyclable, selective, non-toxic and compatible with 
downstream recovery processes [18]. These alternatives are often more complex, finicky, and 
more likely to oxidize, leading to high reagent consumption. 
 
Halides 
Chlorine, bromine and iodine are the three halides used in gold leaching. Chlorine 
leaching was first written about in 1848, while bromine use in South Dakota and Colorado’s gold 
industry was recorded in 1892 [19]. Sir Rose described gold iodides as being “of little interest to 
the metallurgist”, citing its difficulty of formation and instability. There is no recorded use of 
gold iodization in industry [20]. 
Halide dissolution is quite rapid, with chlorine as the fastest and iodine as the slowest. 





-  (2.15) 
2Au+I3- +I-→2AuI2-  (2.16) 
 
All halide leaching requires an oxygen-rich environment, and relatively low pH. Iodine 
and bromine operate between pH values of five and eight or nine, respectively, while chlorine 
does best at pH values under three. Sulfidic materials still prove challenging in halide leach 
systems, particularly chloride, due to the reducing property of sulfide ores. Bromine leaching is 
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predominantly impacted by iron(II) and manganese(II), while iodine leach systems tend to leave 
chalcocite and pyrrhotite unreacted. Oxidizing sulfidic ores prior to chlorine or bromine leaching 
will significantly increase the recovery, and iodine may be useful with ores that are best treated 
as sulfides. The primary drawbacks to halide leaching include toxicity and cost: chlorine and 
bromine gas will form under sufficiently high partial pressure, and are corrosive [18] [22]. This 
limits halide leaching to agitated and closed tanks that can control any off-gassing. All three have 
a tendency to bind to gangue minerals as insoluble salts, leading to poor recovery and high 
reagent consumption.  
Chloride leaching may also take the form of oxidative leaching, which is much more 
appropriate for treating sulfidic ores than the halide form [23]. Oxidative chloride leaching can 
use a number of acids, but commonly, aqua regia, ferric chloride, hypochlorous acid and chlorine 
and oxygen. Hypochlorous leaching isn’t commonly used for gold leaching itself, but instead as 
a pre-treatment process at a neutral pH. Oxidation of pyrite by hypochlorous acid can be seen 
below in Equation 2.17 [21] [22], and has been recorded to leach gold at 1.4∙10-5 mol/m-2 s-1, 






There is promise that oxidative chlorination can be used to treat ores with low sulfur 
content, and its conditions for use are similar to that of the other halides. Given that the gold-
chlorine complex is not as stable as the gold-cyanide, it is easier to recover gold from chloride 
leach media. Chlorine also forms a weaker bond with copper, meaning that it may be more 
economical to consider chlorination for higher content copper ores [22]. Passivation does not 
noticeably impede leaching unless lead and silver content exceeds 13%, and the rate of leaching 
is proportional to the concentration of chlorine ions [21] [24]. Cyanidation is still preferred over 
chlorination due to the difficulty of recovering gold from the chloride media, and its poor 
economics. The near-universal replacement of chlorination processes by cyanidation in 1888 
resulted in a lack of historical processing data. It is also important to note that most ores 
currently mined are alloyed with silver. When leach studies were done on a 95:5 gold-silver ore, 
the leach rates were found to be 4.1∙10-5 /mol m-2 s-1 and 1.6∙10-5 /mol m-2 s-1, for cyanide and 
chorine from hypochlorous acid. While both lixivants increase leach rate in the presence of 5% 
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silver, cyanidation outpaces chlorination significantly [25]. The use of hydrogen peroxide to 
increase cyanide leaching speed, reduce cyanide consumption and passivate some sulfide ores 
has been implemented in some mines, giving cyanide leaching some of the beneficial 
characteristics of chloride leaching [26]. 
 
Thiosulfate 
 The use of the thiosulfate ion, S2O32-, to dissolve gold can be seen in the following 






Gold leaching can occur across a large range of pH values, from 4 to 10, depending on the 
complexing agent. Other oxidants may be substituted into this reactions, including copper(II) 
amine complexes, cobalt(III) amine complexes and iron(III) complexes. Ammonia is required to 
stabilize the oxidative species, most commonly copper(II), as a tetraamine [24]. Ferric-
thiosulfate solutions have a greatly increase gold dissolution rate when a small amount of 
thiourea is added as a gold oxidation catalyst. High-pressure oxidation is effective for 
carbonaceous ores, and removes ammonia and copper from the reagent list, allowing thiosulfate 
to achieve greater than 80% gold recovery in under six hours. The ammoniacal copper-
thiosulfate system is the most studied, and its gold leaching reaction can be seen here. In their 
comparative study between cyanidation, chlorination, and thiosulfate leach systems, Jeffrey, 
Breuer and Choo found that the copper-ammonia-thiosulfate system could achieve leach rates of 










Reaction rate is controlled by temperature and the ratio of thiosulfate to dissolved oxygen [21] 
[24]. Cyanidation is faster than thiosulfate, but thiosulfate leaching can be increased by the 
presence of copper, silver and ammonia, and by increasing the pH up to a value of 10. The 
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presence of ferric ions decrease leaching rates, by oxidizing to ferrous ions, which then react 
with thiosulfate to form tetrathionate. Tetrathionate and trithionate are the unwanted products of 
thiosulfate degradation, but thiosulfate can be stabilized by small additions of sulfate ions. 
Excess sulfur forms a passivating film on the gold surface. This film, however, can be mitigated 
by the presence of ammonia. A heap leaching study by Wan et al., 1994, showed that thiosulfate 
can successfully treat carbonaceous ores, in addition to tricky ores that need high pressure 
oxidation and contain ferric ions, copper-calcium systems and nickel. Barrick Gold at Goldstrike 
is operating a thiosulfate-leaching plant, which will provide much information on reagent control 
and regeneration, along with comparison to cyanidation. Thiosulfate has a much lower toxicity 
value than cyanide, which makes it a promising alternative lixivant [21]. 
 
Thiocyanate 
Another lower toxicity alternative is thiocyanate, SCN-. Iron(III) is the preferred oxidant 
as dissolved oxygen is too slow and hydrogen peroxide oxidizes thiocyanate too quickly [22], 
and the overall gold leaching reaction can be seen below [21]. Small quantities of thiourea will 
increase the leaching rate of gold in thiocyanate by increasing gold oxidation. 
 
Au+4SCN-+3Fe3+↔Au(SCN)4
- +3Fe2+ (2.21) 
Fe3++nSCN-↔Fe(SCN)n
-(3-n), n=1-5 (2.22) 
 
Ferric ions complex with thiocyanate, and increase its stability [22]. Keeping the pH low, 
between 2 and 3, also stabilizes thiocyanate by preventing both the generation of HSCN and 
iron(III) hydrolysis. Sulfide minerals appear to accelerate gold leaching by oxidizing the 
thiocyanate. The most oxidizing is pyrite, followed by chalcopyrite, then galena. Copper forms 
an unstable complex with thiocyanate, which promotes reagent consumption as this forms an 
insoluble salt. Iron, on the other hand, forms a complex that may be reversible and allow for 
thiocyanate regeneration [21]. 
  Gold recovery from a concentrate achieved 89-93% at 39g/L KSCN within five hours 
with thiocyanate use. Cyanide, comparatively maximized at 87% at 2.45g/L NaCN recovery in 
96 hours. Thiocyanate attached readily to both carbon and resins [18], but resins prematurely 
adsorbs thiocyanate and requires intense resin regeneration [21]. Testing on sulfidic refractory 
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ore showed a 64% gold recovery with thiocyanate, 69% with cyanide in 24h. When the same ore 
was prepared with bio-oxidation, thiocyanate, 0.6-0.8 kg/t, retrieved 52% of the gold compared 
to cyanide’s 42% at 0.33kg/t. This shows that sulfidic ores have a high consumption rate of 
thiocyanate, which makes this reagent rather costly. The economics for this lixivant aren’t 
favorable as thiocyanate is in short supply, and detoxification into cyanate and sulfate may be 
required in certain countries [21]. 
 
Thiourea 
 An organic compound, NH2CSNH2, thiourea offers an attractive gold leaching rate, up to 
ten times faster than cyanidation. It is considered non-toxic, and does not need a pH neutralizing 
stage in sulfide ores as its operating range is from 1 to 3, best between 1.4 and 1.5 [18] [21] [22]. 
It is not as susceptible to cyanicidic materials, suggesting that ores high in antimony and sulfides, 
or ores that are pre-treated with bacterial oxidation or pressure leaching would benefit most from 
this method of leaching [18] [21]. Gold dissolution in thiourea can be seen below, with the ferric 
ion acting as the oxidant. Unlike cyanidation, gold and silver behave differently in the presence 
of thiourea. Due to this paper’s focus on gold, it should be noted that gold dissolution rate is 






Other oxidants may be substituted, but the ferric ion from ferric sulfate is the most readily 
used. Oxidation of thiourea leads to the formation of formamidine disulfide, above. Ideal 
leaching kinetics occur when approximately 50% of the thiourea is oxidized to formamidine 
disulfide, as it is a more effective oxidant than ferric. Formamidine disulfide does decompose 
with time into thiourea, cyanamide (NH2CN) and elemental sulfur, which leads to excessive 
reagent consumption [21] [22]. Reaction rate can be increased by using a stronger oxidant, like 
hydrogen peroxide and ozone [22], or by including pyrite and chalcopyrite in the ore [21]. 
Thiourea will complex with copper, lead and zinc, which increases reagent consumption [21], 
but its selectivity for these metals is lower than that of cyanide [18]. If thiourea undergoes 
hydrolysis to create hydrogen disulfide and urea, the gold surface will undergo passivation and 
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gold in solution may precipitate out, both of which drop recovery rates. Thiourea can be 
stabilized by the addition of sulfur dioxide to the leach solution, or by subjecting the ore to a pre-
leach wash of sulfuric acid. The latter method has the added benefit of increasing gold 
dissolution rates [21]. Thiourea is not currently used as a gold lixivant for several reasons. It is 
listed as a potential carcinogen, showing similar impacts on human health as cyanide in low, 
chronic doses. It is difficult to recover gold in solution on activated carbon or ion exchange, and 
reagent cost is anticipated to be 1.5-2x more expensive than cyanidation costs. However, small 
amounts of thiourea added to thiosulfate and thiocyanate systems increase gold leaching 
remarkably [21]. 
 
Other Sulfur-based Leaching 
 Sulfide, bisulfide and bisulfite leaching may prove to be viable gold lixivants. Sulfide and 
bisulfide form HS-, and bisulfite forms HSO3- as ligands. The former utilizes H2S as an oxidant, 
and the latter oxygen. Bio-oxidation may be used to generate bisulfide and can survive in a pH 
range of six to nine. If bisulfide is instead generated from hydrogen sulfide gas, pH may increase 
to 12. Bisulfide occurs in much more acidic solutions, commonly in pH of four or five. The 
resultant gold complex depends strongly on the pH of the solution. In acidic environments, 
Au(HS)o forms, alkaline creates Au2(HS)2S2-, and the neutral reaction is shown below [21]. 
 
2Au+2H2S+2HS-↔2Au(HS)2- +H2 (2.25) 
 
In ores that benefit from bio-oxidation, a nontoxic electron donor like methanol or acetate, 
below, must be present to generate bisulfide ions [21]. 
 
CH3COO-+SO42-→2HCO3- +HS- (2.26) 
 
 It is suspected that bisulfide and bisulfite leaching methods will prove effective on ores 
with high silver contents. Conventional methods of recovering gold in solutions, like activated 
carbon, have shown effective. It is thought that gold leaching occurs by sulfur adsorbing onto the 







 This process leads to leach rates slower than cyanidation, most likely due to the slow 
diffusion rates of HS- and H2S. The high sulfur content of the solution leads to passivation of the 
gold surface, which keeps recovery values low. Gold may also enter solution through adsorption 
of polysulfides on the surface, with oxidation of the polysulfides. A sulfide concentrate achieved 
recovery values of 90% without additional oxidants added, at 50oC. Polysulfides may be 
generated by adding a lime/sulfur synthetic solution or phase transfer catalysts. Phase transfer 
catalysis result in the presence of thiosulfate, which hinders leaching as polysulfides only 
function as lixivants when no other oxidants are present. The presence of copper results in the 
generation of CuS, making this leaching method an option for un-oxidized, sulfidic ores [21]. 
 Applications of bisulfide/bisulfite leaching have recorded operation conditions of 50% 
pulp, 35-50oC, and the addition of a chelating agent to bind calcium ions present. Injecting air 
into an ion-exchange solution for 20 hours resulted in 80% recovery, a substantial increase over 
the 30% achieved with cyanidation and carbon-in-leach. Bio-oxidation methods prove inferior to 
gold cyanide leaching (31% vs 88%), though comparable for silver: 39-81% against 86%. 
Further studies of sulfur-based leaching techniques are needed to better understand the 
adsorption and precipitant reactions. These ligands are promising due to low reagent cost, low 
preg-robbing and ability to selectively leach precious metals from surrounding base metals. 
However, hydrogen disulfide gas is a byproduct, and poses serious threats to workers, much like 
hydrogen cyanide gas. In addition, long retention times are necessary to achieve higher recovery 
values [21] [22]. 
 
Ammonia 
 While it’s commonly used in thiosulfate and cyanide systems for copper control, 
ammonia may be a viable lixivant of its own accord. Laboratory testing has shown that at high 






Gold dissolution rate depends heavily on copper and ammonia concentrations. Other oxidants for 
this system are oxygen, hypochlorite, peroxide and cobalt(III), though none are as strong as 
copper(II). Ideal conditions have been recorded at a pH of 9.5, between 100 and 300oC, and 600-
1000 kPa, with leaching time ranging from one to four hours. Passivation on the gold surface 
occurs below 80oC for ammonia and ammonium sulfate systems. Using ammonia in sulfide 
systems creates thiosulfate as a byproduct, which decreases recovery values. When iodine is 
added to the system, high recoveries can be achieved at temperatures below 100oC. Iodine can be 
recycled with the aid of oxygen, and an ammonia-iodine system achieved recoveries over 95% 
for a sulfidic and carbonaceous ore in a four-hour period, while cyanide recovered less than 70%. 
The ammonia-iodine system reaction is below, but its implementation in industry would be 





Bacterial and Natural Acid Leaching 
 Microorganisms have been observed to create thiosulfate, organic acids such as humic, 
fulvic and amino acids, cyanide and iodine. This make them an appealing method of treating 
gold ores as a “natural” way to treat ores and achieve high recoveries. Gold dissolution, however, 
is very slow, which points this method towards low-grade heap leach operations. If humic and 
fulvic acids are used, the reaction rate may be increased by adding sodium peroxide as an 
oxidant, and amino acid reactions may be sped up by the presence of a permanganate. It is 
suspected that microorganisms that produce natural acids create a gold glycine. The below 





Bacillus subtilis has been recorded as showing the greatest leaching activity and can achieve 
90% recovery in a pH 9.5 agitated solution in three days. Percolation leaching achieved 70% 
recovery in 150 days. These values were obtained in an amino acid-permanganate solution, and 
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leach rate may increase if hydrogen peroxide or copper(II) is the oxidant. Leaching rates have 
been found to be correlated to glycine and silver concentration and will continue to increase until 
the pH value reaches 11. Temperature plays a huge role in leaching speed, leading to the 
conclusion that these reactions are chemically controlled. Humic acid shows very slow kinetics 
and poor gold solubility, resulting in glycine leaching being the more commonly used. 
Laboratory tests showed a 69% recovery in tanks after 96 hours, and 44% for percolation 
leaching in a quartz-carbonate ore. Economic modeling from this data showed that bioleaching 
would be viable for ores graded 1-2.5 g/t. Bioleaching rates are consistently slower than 
cyanidation and with little known of their mechanisms. These are non-toxic methods and could 
be used on low-grade ores or in secondary recovery processes [21].  
2.3 Impact of Preg-Robbing and Cyanicides on Gold Recovery 
 Unfavorable gold recovery values can often be explained by two refractory mechanisms: 
preg-robbing or a cyanicidic material. Though they are often found to occur together, they 
operate through different mechanisms. Preg-robbing materials can be defined, most broadly, as 
those which prevent optimum recovery through gold reduction, and physical or chemical 
adsorption. Another, accurate, description would be “refractory carbonaceous ores”, ores that 
include organic material, such as hydrocarbons, humic acid, or activated elemental carbon, that 
adsorbs the gold from the solution and does not allow for true recovery of the ore [22]. Other 
materials, including copper sulfides, clay and silicates can be preg-robbing, as they form a solid 
solution that prevents gold from being adsorbed onto activated carbon, and are termed “double 
refractory ores” if both carbonaceous and sulfidic material is present [6] [21] [27]. Cyanicidic 
materials are those that have high solubility in cyanide solutions and put a large amount of 
cations or elemental sulfur that preferentially complex with cyanide over gold into solution. Pre-
oxidative or pre-aeration treatments can reduce the preg-robbing or cyanide-consuming 
tendencies of these materials, and ammonia-copper-thiosulfate leaching systems are resistant to 
either behavior. In addition, the regrinding of pre-treated material will generally increase 
recovery [22]. 
Modeling the impact of preg-robbing and cyanicidic behavior of ores to optimize 
operator strategies is increasingly important, as gold is often found in copper flotation tailings. 
The easiest “fix” that increases gold recovery is to decrease particle size and allow for increased 
liberation of gold particles that may have been occluded by the sulfides [28] [29] [30], though 
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this also often increases the amount of cyanicides present in the solution. Studies of copper ores 
in various stages of processing have been conducted to create the gold leaching models and have 
often excluded the consideration of carbonaceous material. 
 A particularly robust model was developed by Bellec et al. (2009) [31] that described 
gold leaching as a function of four gold liberation values, along with cyanide and oxygen 
concentrations. Cyanide concentration varied with time as Bellec accounted for the presence of 
copper and sulfur, leading to a total of twenty-four variables. By using thermodynamic data to 
determine the likely products, Kianinia et al. (2018) [32] was able to reduce the variables 
required to ten and still produce experimentally-verifiable results. These models require high-
powered programs like Matlab or MINTEQ for thermodynamic data, which can be quite 
expensive. Adequate models have been used by Rees and van Deventer (2001) [33] and Lima 
and Hodouin (2005) [12], which account for three overall equations (gold dissolution, adsorption 
and pre-robbing/cyanicides), or two overall equations (gold dissolution and cyanide 
consumption), respectively. While both these models require some simultaneous solving, they 
are largely based on known kinetic values, and exclude particle liberation, suggesting that these 
models are sufficient for those operating with little capital to spare. 
2.4 Impact of Sulfides on Gold Ores 
“Refractory ore” is a common way to describe gold ores that are not easily leached with 
cyanide, and exhibit one or more of the following: gangue occluded in oxidizable gangue 
minerals and cannot be sufficiently liberated, gold is affiliated with cyanide-consuming minerals, 
or gold is affiliated with natural carbonaceous materials that adsorbs gold [22] [27]. 
Encapsulation is most commonly cause by silica particles, which entirely occlude gold particles 
from cyanide, but can be remedied by reducing particle size to increase liberation. Sulfidic ores 
most commonly fall in the first group, where sulfide encapsulation occurs, which prevents 
cyanide from contacting the gold and therefore harms recovery. Upon leaching, sulfur ions may 
be released into solution and create a passivating film, as explained in the thiol-based leaching 
options, in section 2.2, above. Different sulfides, however, have different impacts on the rate of 
gold leaching. Some act as impurities that interrupt the AuCN film on the gold surface to 
increase the rate of gold leaching, especially when sulfur-gold complexing outpaces gold 
dissolution [34]. Other sulfides cause undesired chemical reactions that prevent gold dissolution.  
This can be by interrupting either the cyanidation of the gold, or the formation of the 
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intermediate hydrogen peroxide. Some sulfidic minerals both increase and hinder gold 
dissolution depending on their concentration, like pyrite or galena [6]. Sulfides commonly 
associated with gold ores, and their impact on cyanidation, are discussed below. 
2.4.1 Iron 
 Pyrite, FeS2, is the mineral most commonly associated with gold ores. It is stable in 
aqueous solutions and has a high standard reduction potential. Coarsely grained gold particles 
leach easily in the presence of pyrite. Finer grain sizes do not leach as easily in cyanide solution, 
though the reduction in leaching rate is most normally a result of insufficient liberation [22]. 
Given that pyrite is virtually insoluble in cyanide solutions [6] [35], it can usually be treated as 
an inert substance in the ore [22]. If pyrite does solubilize and disassociate into ferrous and 
sulfide ions, the leaching rate will suffer. Ferrous ions are thought to react with dissolved 
oxygen, and sulfide with both oxygen and cyanide to form either thiosulfate or polysulfide, or 
thiocyanate [6]. If sulfide or polysulfide ions form, they will likely contribute to the formation of 
a passivating layer on the gold surface, which hinders the gold leach rate. Arsenopyrite, FeAsS, 
is the second-most commonly associated mineral with gold. Presence of either pyrite or 
arsenopyrite indicates an ore may be refractive, and in higher concentrations, arsenopyrite can 
show preg-robbing behavior, as discussed above in section 2.3. 
In the literature, pyrite both increases and decreases leaching rate, depending on its 
concentration or particle size. In high concentrations, such as those exhibited by a pyritic 
concentrate, these ores can show preg-robbing tendencies [36]. It is possible to achieve high 
recovery values, as long as resonance time is sufficiently long, or a suitable pre-treatment 
method is applied. However, it has been discovered through the use of packed bed 
electrochemical reactors (PBER), that the presence of pyrite in cyanide solutions provides 
galvanic reactions that increase dissolution rate. When pyrite and gold are galvanically 
connected, leaching rate increases over non-connected pyrite and gold, which promotes recovery 
[37]. Repeating galvanic connection experiments in a PBER shows that pyrite is the most leach 
rate-promoting material compared to chalcopyrite and sphalerite [38]. Pre-oxidation of pyrite 
prior to cyanide leaching does not have a beneficial effect on leaching kinetics, if the pyrite and 
gold are galvanically connected, but does improve leaching if the two materials are isolated. If 
pyrite is allowed to have galvanic contact with other sulfides, these benefits are negated. 
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A synthetic silica-pyrite-gold ore showed that when gold is present between 1.25% and 
2.5% the value of pyrite, gold dissolution is increased over 30% [39]. However, when gold 
accounts for only 0.63% of the pyrite value, gold passivation occurs from the sulfur species 
released by pyrite. Pyrite in this concentration increased cyanide consumption by nearly 7 kg/t 
which means that if other cyanicides or reagent-consuming material is present, the benefit of 
pyrite’s presence may be significantly outweighed [39]. A similar synthetic ore showed that 
when pyrite is 10% of the overall ore body, there was no noticeable impact on leaching kinetics 
or recovery [35] [40], though cyanide consumption increased over five times. Pyrite content of 
20%, however, reduced recovery by 20%, and cyanide consumption reached over ten times the 
value of pyrite-free ore [40]. The addition of lead nitrate to this synthetic ore mitigated some of 
the negative effects of pyrite, namely the kinetics and recovery value. Cyanide consumption 
remained high and increasing dissolved oxygen concentration to passivate pyrite via oxidation 
mitigates this negative, and increases leaching rate [38] [41] [40]. 
Industrial ores from the Witwatersrand region of South Africa with pyrite values between 
1.65% and 7.65% demonstrated refractory properties including the formation of the sulfur 
passivating layer on the gold surface [42]. Like the work of Bas, Larachi and Laflamme (2017), 
the pyrite-associated ores showed an increased leaching rate that slowed before accelerating 
again. A synthetic gold ore in this study did not demonstrate the increase in leaching, and it has 
been suggested that this is due to the high purity of the gold [38]. It may also be explained by the 
coarseness of the pyrite particles – finer particles increase gold dissolution while coarse particles 
(+106µm) inhibit dissolution [39]. Lorenzen and van Deventer believe that the slowing in gold 
leach rates is due to the formation of iron cyanides from other sulfides present in the ore, namely 
pyrrhotite. Pre-treatments designed to destroy pyrite did not have an impact on the leaching rate 
for the lower-sulfide material, though it did slightly increase the leach rate for the higher-sulfide 
ore. A weak cyanide pre-wash increased the leach rate for both ores after pyrite destruction. 
2.4.2 Copper 
 Chalcopyrite (CuFeS2) is the most commonly copper-bearing mineral associated with 
gold. Like arsenopyrite, it is nearly always present with pyrite, and occurs if other copper-
bearing sulfides are present, including chalcocite, Cu2S. 80% of gold produced as a by-product 
comes from copper ores, with the remaining 20% coming from lead-zinc-copper ores [Marsden]. 
Cupric ions are known to depress leaching rates as they complex with free cyanide to form three 
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complexes: Cu(CN)2-, Cu(CN)32- and Cu(CN)43-, with the second being the most stable. Roughly 
5% of chalcopyrite dissolves in cyanide solutions per day, and as much as 90% of chalcocite, 
meaning it can consume significant amounts of cyanide [6]. Titrating with silver nitrate will not 
show accurate levels of free cyanide in a copper containing solution, as cyanide complexes 
preferentially with silver nitrate over copper. By adding ammonia to the leach solution, the 
aqueous copper values can be depressed [21]. 
 Testing the galvanic connection between gold and chalcopyrite or chalcocite shows that 
these sulfides do not cathodically protect gold when connected. Chalcopyrite had a depressing 
effect [38] [41] on the leach rate of gold compared to pyrite but increased the leach rate of pure 
gold [37]. Chalcocite increased leaching rate when it was present [35]. A similar experiment 
utilizing a PBER monitored the content of the leach liquor, including the generation of sulfur 
species. Chalcopyrite produced significant amounts of sulfate and thiocyanate. Chalcocite 
produced a high amount of an unassigned sulfur species, Sx2-, and noticeable amounts of sulfate. 
These sulfur species most likely contribute to a decreased leaching rate by forming a film on the 
gold surface, which makes copper ores difficult to deal with, both as cyanicides and passivating 
species. Pre-oxidization of chalcopyrite does not improve leach rate, and allows for a higher 
concentration of copper and sulfur ions to be present in the solution [37] [38] [41]. Modeling of a 
gold-bearing copper concentrate (chalcopyrite) from the Telfer mine in carbon-in-leach (CIL) 
and carbon-in-pulp (CIP) shows that only 8% of gold can be recovered, with the remaining gold 
being preg-robbed before adsorption onto the carbon. Great changes to operation practices would 
have to be introduced to achieve an 80% recovery [36]. Gold leaching will proceed if the ratio of 
free CN- to Cu(I) is higher than three, but this leads to very expensive operational costs due to 
reagent consumption [28] [36]. 
2.4.3 Antimony 
 Antimony is most commonly found as stibnite, Sb2S3, which is associated with quartz, 
and though it is the most common antimony material associated with gold, it rarely appears with 
gold. When it is found with gold, the stibnite concentration is usually high enough to cause 
difficulties in cyanidation as it is a cyanicide and complexes with sulfur [21] [22]. Mines most 
likely to deal with antimony contamination are in western Australia and South Africa [22]. 
Another antimony mineral, tetrahedrite, 4Cu2S•Sb2S3, is associated with silver and therefore may 
be found in gold ores. Both these minerals are soluble in cyanide solutions, and roughly one-fifth 
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of the available mineral will dissolve in 24 hours [6]. In addition to reacting with cyanide, 
oxygen and sulfur, antimony will also react with lime [21]. As pH value increases, stibnite is 
more easily oxidized to form antimony pentoxide, which also forms a passivating layer on the 
gold surface that hinders gold dissolution. If there is a lower antimony concentration, pre-
aeration, the addition of lead nitrate and a pH below 10 may be sufficient to mitigate the negative 
effects. If the ore is highly refractory, then roasting must be done cautiously, as antimony 
materials are associated with arsenic, which is environmentally undesirable [21]. 
 Guo et al. (2005) [40] showed that stibnite concentration as low as 0.002% of the ore 
could lower the leach rate by a factor of four, and 0.05% could further decrease the leach rate to 
a quarter of stibnite-free material. A high dissolved oxygen content will help increase the gold 
dissolution rate as stibnite will react with oxygen, and then form a passivating surface on the 
gold. If pH is below 10, stibnite will solubilize much more slowly, but a pH that low increases 
cyanide consumption as HCN is more likely to form. The addition of lead nitrate at a rate of 
100g/t or silver nitrate at 0.05% show there is potential to mitigate stibnite’s deleterious effects, 
though all these options pose significant health or economic concerns [40]. 
2.4.4 Zinc 
 Zinc minerals are not commonly associated with gold ores [Marsden], but the impact of 
sphalerite, ZnS is discussed here. Sphalerite is slightly less soluble than the minerals discussed 
above in the antimony second, with roughly 18% of the mineral dissolving per day in a cyanide 
solution [6]. The zinc(II) ion shows preg-robbing characteristics by binding with free cyanide as 
shown below, and therefore slowing the leach rate for gold [6]. 
 ZnS+4CN-→[Zn(CN)4]2-+S2- (2.33) 
 
By binding with the free cyanide in solution, the zinc(II) ion behaves similarly to copper(II) as it 
also misrepresents the amount of free cyanide available. The zinc-cyanide complex has a much 
more similar strength to the silver cyanide complex than the copper cyanide complex. This 
means that sphalerite presents less severe problems when in solution than copper minerals, as it 
can be overcome by the addition of free cyanide, but it is as not reagent consuming as copper. 
Unlike copper, sufficiently high concentrations of zinc, between 10-4 and 10-3 M Zn2+, will result 
in the formation of zinc hydroxide on the gold surface, which is also passivating. Zinc is a 
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common material used for precipitate gold out of solution, especially for the Merrill-Crowe 
process. To achieve appreciable amounts of precipitation, zinc must be present in great 
stoichiometric excess to form more than just the zinc hydroxide layer. At high concentrations, 
the zinc ion replaces the gold ion in the cyanide complex, as shown below [22], which causes 





 In the PBER experiments, it was found that sphalerite has a strongly negative impact on 
gold recovery, second only to chalcopyrite [38]. When galvanic interactions between the gold 
ore and sphalerite were allowed, leaching rates decreased, as activation of sphalerite is caused by 
galvanic interactions with pyrite [37]. When pre-oxidation treatments were administered, 
sphalerite was found to be less reactive, and cyanide consumption was not as high as for the un-
oxidized material [38] that activation by galvanic connection with pyrite was still observed [37]. 
The addition of lead nitrate during pre-oxidation showed a further increase in leaching rates, but 
addition of the salt during cyanidation depressed leaching rates enough to counteract the effect of 
pre-oxidation [37]. This decrease in leaching can be explained by the entrainment of any 
secondary salts that may precipitate as a result of the lead nitrate addition [22]. 
2.4.5 Lead 
Galena, PbS, like pyrite, has shown that its presence can increase the dissolution of gold 
in cyanide solutions, even though lead(II) can form an insoluble film on the gold surface, 
hindering leaching [6] [25]. Galena is only soluble in cyanide solutions at high alkalinity [6], and 
will form lead hydroxide as the sulfur oxidizes, most likely to thiocyanate [35]. In the presence 
of pure gold, galena increases the leach rate over what it would be with only gold and cyanide 
present by disrupting the aurocyanide film [41], and this makes galena interesting to study in 
conjunction with other minerals. 
When galvanically connected to pyrite in a PBER, galena significantly reduces the 
negative impacts of pyrite while showing an improved leach rate over the baseline gold-cyanide 
system [41]. In this scenario, pyrite cats as an anode, while galena is the cathode, giving pyrite 
some protection from oxidization. Leaching rate in the presence of both chalcopyrite and galena 
shows and initial leaching increase that leads to lower recovery values as the kinetics taper off 
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more quickly than chalcopyrite alone. Given that there was no hydrosulfide detected when 
galena was present, Azizi et al. (2012) believe that lead reacted with these free ions and 
precipitated out of solution with them, effectively preventing the sulfur from forming a film on 
the gold. Chalcocite reacted differently than the other minerals, and the negative effects on gold 
leaching were only just reversed in the presence of galena. Leaching only occurred when 
chalcocite and galena were galvanically isolated from gold. It is thought that the two sulfides 
created a strong galvanic cell in which chalcocite, the anode, leached copper quickly into the 
solution. Sphalerite decreases the rate of gold dissolution by a factor of ten on its own, but 
strongly promotes gold leaching when galena is present. As large amounts of free cyanide were 
measured during testing, it is believed that galena, again, prevented the formation of a sulfur film 
on the gold surface [41]. 
Lead nitrate is a common addition in cyanidation circuits as it is known to increase 
leaching rates for refractory ores. Adding lead nitrate to pyritic ores at a rate of 100g/t greatly 
increases the rate of gold leaching, allowing maximum recovery to occur nearly twice as fast 
[40]. If pyritic ore is pre-treated, such as pre-oxidation, in the presence of lead nitrate, leach rates 
will continue to increase. The addition of lead nitrate prior to pre-oxidation also reduced the 
amount of thiocyanate and thiosulfate detected during leaching [37] by pulling the hydrosulfide 
ions out of solution to create a lead sulfide precipitate [25]. In addition, there was no noted 
increase in cyanide consumption with the addition of lead nitrate, and less sulfur, silver or iron 
were detected on the gold surface at the end of leaching [40]. Stibnite at 0.05% of the ore was 
only partially counteracted by 100g/t lead nitrate, just over doubling the leaching rate of gold. 
Lowering the pH from 11.5 to 9.8 was the most efficient way to increase gold leaching, 
exceeding 90% recovery in the first 30 minutes of leaching [40]. 
2.5 Industrial Models of Gold Leaching 
 The current method of recovering gold from solution has only been in use since the 1970s 
[8] [22], even though the patent for gold cyanidation was awarded in 1887 [6]. Zinc precipitation 
through the Merril-Crowe process was introduced in 1890 and has been fine-tuned to produce 
recoveries over 99% routinely [22]. The use of carbon in industrial plants, either CIP or CIL, 
increased from zero to 70% from the 1970s to the end of the 1990s. Such a rapid increase in use 
did not allow sufficient time for optimum conditions to be discovered [8]. Cyanidation with 
either CIP or CIL routinely achieves only 80% recovery, and the standard operating procedures 
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determined in the 70s and 80s need to be re-evaluated [8] [43]. In addition to changes in plant 
operation, ores with preg-robbing and cyanicidic properties are a large barrier to overcome [44]. 
Several of the usual parameters for optimization are reagent concentrations (cyanide, carbon, 
dissolved oxygen), pH, adsorption time. 
 Analysis of variance in a laboratory setting showed that carbon concentration in a CIL 
set-up was the most important factor in successful gold recovery [45]. In their experimentation, 
Khorsavi used between 0.75 and 1.25 g carbon per liter of cyanide solution, while plants usually 
use 25 g/L [8]. Similarly, increasing cyanide and dissolved oxygen concentrations increases the 
rate of gold dissolution, particularly of the larger gold particles [46]. Economic models, such as 
the one developed by Lima and Hodouin (2006), can help plants determine the optimum cyanide 
concentration and distribution, particularly for low or middle-grade ores. There is a maximum 
for the beneficial value of dissolved oxygen content, 32 mg/L, after which gold dissolution slows 
and decreases recovery for particles between 50 and 200 µm. Limiting the amount of oxygen 
sparged presents an opportunity for operational cost savings [44] [46]. 
 As hydrogen cyanide is the dominant phase at pH 7, the impact of pH is quite important 
for the reaction rate of cyanide leaching, as is the chemical added to maintain a high pH. Lime is 
quite commonly used for this purpose, but it’s important to note that if the pH exceeds 11.5, 
calcium ions oxidize in the presence of hydrogen peroxide to form CaO2 and water. The former 
forms an insoluble film on the surface of the gold, hindering leaching [6]. In addition to 
controlling the dissolved cyanide concentration, pH linearly impacts adsorption rate onto carbon 
until a value of 11. 
 The kinetics of adsorption are likely governed by a pseudo first-order or pseudo second-
order model. The rate of adsorption depends strongly on the initial gold concentration in the ore 
[45], and equilibrium adsorption of gold on carbon takes weeks to achieve, as it is a slow process 
[8]. Increasing carbon concentration significantly increase the rate of adsorption as it increases 
both the driving factor and available surface area for adsorption to occur. Industrial adsorption 
tanks allow an hour for residence time per tank, and improvements in manufacturing allow for 
the retention time to be dropped to 20 minutes [8], while this study determined three hours to be 
the optimum time [45]. Evaluation of plant data shows that optimum recovery time can vary 
between 12 and 20 hours [44]. 
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2.6 The Rosin-Rammler Particle Size Analysis 
 The Rosin-Rammler distribution and graphing method is a derivative of the Weibull 
distribution, and converts particle side distribution to a linear equation. It is well-suited to 
describe finely ground particles, such as those from a grinding process [47] [48] [49]. The axis 
displayed in a typical Rosin-Rammler diagram are particle size along a logarithmic x-axis, and 
cumulative percent retained material on a double-logarithmic, ln(ln(y)), y-axis. Particle size can 
be plotted as ln(x) against the double log y-axis, but a fitted equation may be generated from the 
ln(x) and ln(-ln(100/R)) data, which allows for data to be presented on a linear x-axis and a 
single logarithmic y-axis. The method outlined by Bazin (1994) contains figures published in the 
paper resembling a Rosin-Rammler analysis: cumulative percent passing (logarithmic) vs 
particle size (linear). Runge at al. (2014) showed the results of their data as percent passing 
(linear) against sieve size (logarithmic). Given this information, it makes sense that Newmont 
would request the results of this study as Rosin-Rammler-treated data.  
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CHAPTER 3 
EXPERIMENTAL DESIGN AND PROCEDURE 
 
 This chapter discusses the material used, in detail, along with the comminution, testing 
and analytical practices used in this research. 
3.1 Material Sampling and Characterization 
Newmont initially provided a bucket containing 23 kg of -10 mesh material, which was 
blended and split into 1.5 lb (680 g) samples per Taggart’s sampling chart (Figure 3.1). Gary 
Wyss of Montana Tech received two 50 g samples for mineral liberation analysis (MLA), and C. 
Herb Christopherson received two 30g samples for fire assay. Later, Newmont delivered another 
2/3rd full 55-gallon drum, estimated to hold 300-350 lb, -½ in ore. To reduce the required sample 
size, this material was crushed to passing 0.25 inches with a crusher. Once crushed, the drum 
material was split into 35 lb samples. Two 0.25 pound samples of this material were split and 
were again sent to Mr. Wyss and Mr. Christopherson for further analysis, as before. For 
reference, these samples will be denoted as “bucket” or “B,” and “drum” or “D.” As discussed 
below, the bucket samples were shown to be a lower grade than the drum material samples. 
 
 
Figure 3.1     Minimum representative sample size chart, used for the drum material sample. 
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3.1.1 Characterization of the Bucket Samples 
The MLA revealed that the bucket material contained, by weight, 96% silicates, 3.42% 
sulfides, 0.4% carbonates, 0.1% oxides/hydroxides, 0.05% copper sulfides, and phosphates and 
sulfates contributed the last 0.1%.  
 
Table 3.1     Modal Mineral concentrations for the gold ore composite sample (weight %). 
Mineral Formula Au Ore 
Quartz SiO2 90.2 
Pyrite FeS2 3.41 
K_Feldspar KAlSi3O8 2.46 
Muscovite KAl2(AlSi3O10)(OH)2 1.67 
Illite (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10(OH)2∙H2O 0.77 
Plagioclase (Na,Ca)(Al,Si)4O8 0.64 
Calcite CaCO3 0.35 
Amphibole Ca2(Mg,Fe)5Si8O22(OH)2 0.10 
Chlorite (Mg3,Fe2)Al(AlSi3)O10(OH)8 0.09 
Rutile TiO2 0.08 
Chalcopyrite CuFeS2 0.05 
Apatite Ca5(PO4)3F 0.04 
FeCr FeCr 0.04 
Vermiculite (Mg,Fe,Al)3(Si,Al)4O10(OH)2∙4H2O 0.02 
Dolomite CaMg(CO3)2 0.02 
FeO Fe2O3 0.02 
Titanite CaTiSiO5 0.02 
Sphalerite ZnS 0.01 
Tetrahedrite Cu11(Fe,Ag,Zn)Sb4S13 P 
Galena PbS P 
Pyroxene CaMgSi2O6 P 
Scheelite CaWO4 P 
Barite BaSO4 P 
Selenopolybastite Ag0.5S0.3Sb0.06Cu0.07Se0.07 P 
Freibergite Cu3Ag3Fe6Sb4S13 P 
Zircon ZrSiO4 P 
 
Silica, in the form of quartz, is by far the most common mineral in this sample, 
accounting for 90.2% of the total sample, while pyrite accounts for 3.41% of the 3.42% sulfides. 
Stibnite and trace arsenopyrite are the remaining sulfides in this ore. The most common gold-
bearing specimen in this material is electrum, accounting for just over 70% of the total gold and 
99.9% of total silver. Other gold minerals are hessite, at 13.8%, and selenopolybastite, at 10.9%. 
Gold, as electrum, is primarily associated and hosted by quartz, at 90%, but shows a high 
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association with pyrite after heavy media separation (di-iodomethane, 𝜌 = 3.3 g/mL), most likely 
due to pyrite's higher specific gravity. A list of detected minerals can be seen in Table 3.1, and 
visual analysis in Figure 3.2 on page 32, Figure 3.3 on page 33 and Figure 3.4 on page 34. Both 
sulfur and carbon content were measured by LECO and MLA, and their analysis agreed fairly 
well: sulfur presented at 1.4 and 1.8 weight percent, carbon at 0.05 and 0.04 weight percent. The 
fire assay was performed in duplicate, with gold measuring and 8.81 and 6.62 g/tonne for an 




Figure 3.2     Classified MLA image from the bucket ore. Particle inset units are in pixels and 
concentration palette values are in area percentage.  
 
Table 3.2     Gold, silver, sulfur and carbon content for the bucket sample. 
Analysis Value 
Au, g/t 7.72 
Ag, g/t 17.15 
S, % 1.6 
C, % 0.05 
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AMICS analysis was also conducted by Dr. Paul Miranda on the coarsest (+100 mesh for 
D1-4, +200 mesh for D5-8) and finest size fractions (-400 mesh) of the head samples. His work 
shows good agreement with the MLA report, though the AMICS values the electrum in the ore 
as 80% gold, higher than the MLA value of 70%. Quartz and orthoclase form the majority of the 
gangue in all samples. Quartz shows at roughly 90% in the larger size fraction and 75% in the 





Figure 3.3     Electrum in quartz/pyrite (a), quartz (b) and pyrite (c). 
 
The remaining major constituents are apatite, chlorite, hematite, plagioclase, pyrite and 




µm, though some as large as 20 or 100 µm were seen. The smaller electrum particles (under 10 
µm) were consistently encapsulated by quartz, though particles larger than 20 µm tended to be 











Table 3.3     XRF Data of B1 by weight percent in mesh size fractions 
 Heads   Tails 
 +100 +200 +325 +400 -400   +100 +200 +325 +400 -400 
Ag 0.065 0.063 0.042 0.044 0.049  Ag 0.026 0.035 0.067 0.063 0.048 
  0.022  0.024 0.033  Ar 0.024 0.029   0.030 
As 0.36 0.33 0.47 0.49 0.45  As 0.39 0.28 0.48 0.36 0.39 
Au 0.028 0.050  0.066 0.072  Au 0.015 0.043 0.035 0.078 0.062 
Ba 0.42 0.56 0.52 0.50 0.49  Ba 0.50 0.58 0.38 0.58 0.56 
Ca 0.21 0.19 0.21 0.21 0.25  Ca 0.17 0.22 0.21 0.44 0.37 
Ce 0.054    0.098        
Cl 0.027 0.020 0.11  0.064  Cl 0.035 0.049 0.030 0.043 0.073 
Co 0.011 0.011     Co 0.0068     
Cr 0.019 0.013 0.012 0.023 0.035  Cr 0.010 0.019 0.010 0.012 0.031 
Cs 0.32 0.36 0.38 0.34 0.35  Cs 0.36 0.41 0.28 0.39 0.39 
Cu 0.027 0.025 0.031 0.054 0.074  Cu 0.013 0.032 0.028 0.038 0.42 
Eu  0.014  0.020   Eu  0.019  0.021  
Fe 1.90 2.45 3.35 4.47 5.48  Fe 1.77 2.44 3.21 5.91 5.52 
Gd       Gd     0.018 
Ge    0.0059   Ge     0.0066 
I 0.15 0.20 0.21 0.20 0.20  I 0.20 0.22 0.11 0.19 0.21 
K 1.01 1.12 1.38 1.46 2.60  K 0.92 1.17 1.30 2.74 1.68 
La     0.013  La     0.018 
Lu    0.020 0.018  Lu      
Mg   0.036 0.042 0.16  Mg  0.025  0.16 0.066 
Mn 0.023 0.030 0.018 0.033 0.032  Mn 0.008 0.017 0.016 0.033 0.026 
Na   0.36  0.43  Na  0.077  0.079 0.14 
Nd 0.056    0.056  Nd 0.020 0.044    
Ni 0.029 0.023 0.022 0.018 0.026  Ni 0.018 0.019 0.021 0.030 0.028 
P   0.051 0.057   P  0.074 0.073   
Pr 0.053    0.025  Pr    0.037 0.029 
Pt 0.043 0.070  0.039 0.056  Pt 0.025 0.068 0.016 0.089 0.071 
Px 0.045 0.045   0.053  Px 0.035   0.040 0.066 
Ru    0.030         
Sc 0.0031  0.0029 0.0028 0.0040  Sc  0.0033  0.0019 0.0019 
Si 33.76 33.09 32.02 30.90 29.22  Si 33.95 32.88 32.69 29.13 29.35 
Sr       Sr     0.048 
Sx 0.68 0.88 1.11 1.50 1.29  Sx 0.71 0.91 1.01 1.28 1.59 
Tb    0.011   Tb      
Te  0.097 0.099 0.086 0.058  Te 0.066 0.090  0.070 0.072 
Ti 0.099 0.11 0.12 0.11 0.17  Ti 0.090 0.10 0.11 0.17 0.14 
Tm 0.015    0.014  Tm      
V 0.043 0.012  0.019 0.041  V 0.023 0.035 0.011 0.015  
W 0.39 0.35     W 0.39 0.38 0.031  0.028 
Yb 0.023   0.023 0.028  Yb  0.015    
Zn 0.008 0.019 0.011 0.018 0.037  Zn  0.014 0.025 0.038 0.12 
Zr       Zr   0.022   
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The most surprising find of XRF fused disk analysis was the presence of fourteen rare 
earth elements, excluding yttrium, that were not detected in the elemental analysis of the MLA. 
The presence of the rare earths is most likely explained by contamination from previous ores on 
the ring and puck pulverizer, which was used on the larger size fractions. This theory is 
supported by the trend in XRF data that shows the rare earths at a lower concentration in the fine 
fractions than in the coarse fractions, as the fine fraction disks were created after the coarse 
fractions, allowing some contamination to be passed along to the fines. The XRF did not detect 
any aluminum, though the MLA and AMICS analysis showed it to be present, both elementally 
and mineralogically. Some elements detected by MLA at less than 0.01% are routinely detected 
by the XRF across all samples and most size fractions. It is unclear whether breaking the samples 
into much narrower size fractions allows these elements to be more easily detected or if the 
increased content is due to the same rare earth-based contamination. The remaining elements 
generally agree with MLA and AMICS content data, and tables displaying this information may 
be seen in Appendix A, and a sample table is shown in Table 3.3, page 35. 
 
 
Figure 3.5     Classified MLA image from the drum ore. Particle inset units are in pixels and 
concentration palette values are in area percentage. 
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Table 3.4     Modal Mineral concentrations for the gold ore composite sample (weight %). 
Mineral Formula Au Ore II 
Quartz SiO2 86.4 
Muscovite KAl2(AlSi3O10)(OH)2 5.17 
Pyrite FeS2 3.52 
K_Feldspar KAlSi3O8 2.49 
Plagioclase (Na,Ca)(Al,Si)4O8 0.89 
Illite (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10(OH)2∙H2O 0.71 
Calcite CaCO3 0.34 
Amphibole (Ca2,Na)(Mg2FeAl)Si6O22(OH)2 0.13 
Rutile TiO2 0.08 
Vermiculite (Mg,Fe,Al)3(Si,Al)4O10(OH)2∙4H2O 0.08 
Apatite Ca5(PO4)3F 0.04 
FeO Fe2.5O3.5 0.03 
Chlorite (Mg3,Fe2)Al(AlSi3)O10(OH)8 0.03 
Titanite CaTiSiO5 0.01 
Galena PbS 0.01 
Pyroxene CaMgSi2O6 0.01 
Scheelite CaWO4 0.01 
Zircon ZrSiO4 P 
Corundum Al2O3 P 
Sphalerite ZnS P 
Chalcopyrite CuFeS2 P 
Tetrahedrite Cu3SbS3 P 
Barite BaSO4 P 
Electrum Au0.6Ag0.4 P 
Ilmenite FeTiO3 P 
Dolomite CaMg(CO3)2 P 
Chromferide FeCr P 
 
 
Table 3.5     Gold, silver, sulfur and carbon content for the drum sample. 
Analysis Value 
Au, g/t 10.63 
Ag, g/t 15.43 
Sulfur, % 1.56 
Carbon, % 0.04 
 
3.1.2 Characterization of the Drum Samples 
 
Mr. Wyss has determined that the drum material is quite similar to the bucket sample: 
96% silicates, 3.53% sulfides, 0.34% carbonates, 0.12% oxides/hydroxides, 0.01% copper 
sulfides, and 0.04% phosphates and sulfates. The main ore constituents were 86.4% quartz, 
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5.17% muscovite and 3.52% pyrite, as shown in Table 3.4 on page 37 and Figure 3.5 on page 36. 
This shows the drum material differs from the bucket sample in muscovite presence and telluride 
absence. The sole gold-bearing phase was electrum (60-82% gold) and accounted for 78.4% of 
the silver content. The remaining silver content was contributed to by argentigerous tetrahedrite 
at 11.8%, selenopolybasite, 6.1%, naumannite at 3.5% and acanthite, 0.1%. Electrum was again 
associated heavily with quartz over pyrite, though silver seemed to have an equal association 
distribution in the other constituent minerals. Samples derived from this material were 
determined via fire assay to be a higher grade than the material in the bucket samples at 10.6 
g/tonne gold and 15.43 g/tonne silver and has been named “drum” samples. Total sulfur and total 
carbon levels via LECO showed the drum material to be slightly elevated than the bucket 
material values, at 1.56 and 0.04 weight percent, respectively, as shown in Table 3.5 on page 37. 
 










Apatite Ca5(PO4)3OH 0.42 0.47 0.25 0.67 
Chlorite (Fe,Mg,Al)6(Si,Al)4O10(OH)8 0.06 0.01 0.00 0.00 
Hematite Fe2O3 0.01 0.01 0.00 0.00 
Orthoclase KAlSi3O8 7.18 6.34 24.15 22.49 
Plagioclase (Na,Ca)KAlSi3O8 0.32 0.53 0.15 0.19 
Pyrite FeS2 0.62 0.50 0.16 0.12 
Quartz SiO2 91.36 92.12 75.22 76.48 
Rutile TiO2 0.03 0.02 0.07 0.05 
 
AMICS analysis was conducted by Dr. Paul Miranda on the coarsest (+100 mesh for D1, 
+200 mesh for D2-7, +325 for D8) and finest size fractions (-400 mesh) of the head samples. His 
work shows generally good agreement with the MLA report, with some mineral discrepancy, and 
is displayed in Appendix B, with an example shown in Table 3.6. Unlike MLA, AMCIS detected 
the presence of andalusite, anorthite, and chlinoclore, but did not report any muscovite. Still, 
quartz and orthoclase form the majority of the gangue in all samples. Quartz shows at roughly 
90% in the both the larger and smaller size fractions, with orthoclase at 3% and 4% in the large 
and small size fractions, respectively. The remaining major constituents are andalusite, anorthite, 
chinochlore, plagioclase, pyrite and rutile. Andalusite is the most prevalent of the remaining 
gangue, occasionally reaching 4%, followed by pyrite, though the rest never exceed more than 
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1%. Electrum was detected in all samples, near 10 µm, though some as large as 40µm were seen. 
Quartz encapsulation was detected in all samples, though the smaller electrum particles were 
occasionally encapsulated by pyrite or liberated. The larger gold particles show that they are 




Figure 3.6     Electrum in the drum material sample, as large grains in pyrite (a), a large grain in 
quartz with pyrite dissemination (b) or an inclusion in quartz. 
 
Once again, the most surprising find of the XRF fused disk analysis was the presence of 
thirteen rare earth elements, excluding samarium and yttrium that were not detected in the 
elemental analysis of the MLA. The presence of the rare earths is most likely explained by 
contamination from previous ores on the ring and puck pulverizer, which was used on the larger 




lower concentration in the fine fractions than in the coarse fractions, as the fine fraction disks 
were created after the coarse fractions, allowing some contamination to be passed along to the 
fines. There is also one less rare earth element detected in the drum samples than in the bucket 
samples, and those that are present in the drum material are at a lower concentration. The XRF 
did not detect any aluminum, though the MLA and AMICS analysis showed it to be present, both 
elementally and mineralogically. Some elements detected by MLA at less than 0.01% are 
routinely detected by the XRF across all samples and most size fractions. It is unclear whether 
breaking the samples into much narrower size fractions allows these elements to be more easily 
detected or if the increased content is due to the same rare earth-based contamination. The 
remaining elements generally agree with MLA and AMICS content data. 
 
 
Figure 3.7     Gold particles in D1 (a) and D5 (b) heads.  
3.2 Comminution 
In order to develop a grinding curve to predict how long it would take to get to an 
approximate P80 value, a single one-kilogram sample of the original bucket material was used. 
Using a Denver rod mill, the material was ground with a liter of water for five minutes before 
being screened and massed to determine if more grinding was required. When all P80 times were 
calculated, ten two-kilo samples were split and eight selected for grinding and bottle roll testing. 




dried, mixed and screened to measure if the P80 had been reached. All samples had to be 
reground due to grinding time discrepancies. This was likely caused by fine rust particles 
building up in the original grinding sample skewing the curve towards a finer result. By grinding 
samples of two kilos, the samples could then be split into a one-kilo "head sample" which would 
not be leached and instead reserved for analytical testing, while the "tail sample" would undergo 
cyanide leaching. P80 values are generally approximate, and generally only vary a few percent 
from the goal P80. 
 
 
Figure 3.8     Gold distribution within the ore particle size distribution 
 
The first step of Bazin’s methodology is shown above in Figure 3.8, which shows the 
comparison of gold particle size with the ore particle size, which shows that the gold distribution 
is directly correlated with particle distribution across all samples and P80s. Percent ore mass 
passing was calculated from mass retained on the 100, 200, 325, 400 and -400 mesh. Gold 
particle size was determined by multiplying gold fire assay values against mass retained for the 
given sieve sized. Gold percent passing was calculated from the previous product. As predicted 
by Bazin, the relationship is highly linear, both for each sample and when the data is combined. 




























correlated with either ore size distribution or gold distribution. The bucket material’s sulfur, 
however, does show good correlation with both the ore size and gold distribution. 
 
 
Figure 3.9     Sulfur distribution within the ore particle size distribution 
 
As the samples approached one of the desired P80s, they were partnered with another 
sample that showed similar passing rates to ensure each P80 could be tested in duplicate. Samples 
B1 and B2 had a P80 of 150 µm at 82.3% and 77%, respectively; B3 and B4 were P80 106 µm at 
84.8% and 79.5%; B5 and B6 were P80 75 µm at 88.2% and 87%; B7 and B8 were P80 53 µm at 
81.4% and 73%. B5 and B6 were the last samples to reach a desired P80 and were the closest to 
the desired 75 µm range even though they were over ground. Grinding data for all samples is in 






























Figure 3.10     Gold and sulfur distribution within the ore particle size distribution. 
 
The drum material arrived pre-crushed to -½ in, and it was subsequently crushed with a 
roll crusher to just under ¼ inch. A new grind curve was generated using an enclosed canister 
with four lifter bars welded on, as the Denver rod mill was unavailable. Using one-hour 
increments and three samples in rotation, the samples were continually ground in additional 
three-hour increments, screened and massed until times for all four P80s were achieved. As the 
P80s drew closer, half-hour increments were introduced to the grinding scheme. Eight fresh 
samples were split from the ¼ in drum material and ground to produce one P80 of 100 mesh 
(77%), three of 150 (77.4%, 87%, 75,4%), two of 200 mesh (85.7%, 68.8%) and two of 270 
(64.9%, 74.5%). Making the second 100 mesh P80 proved to be difficult as three tries produced 
substantially different passing values at similar grinding times, and it was determined to be best 







































Figure 3.11     Rosin-Rammler plots of bucket head material (a) and drum head material (b) 
particle size distribution. Samples for both materials are labeled 1-8, and the four 
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Figure 3.12     Rosin-Rammler of bucket material (a) and drum material (b) heads comparing the 
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Figure 3.13     Rosin-Rammler of bucket material (a) and drum material (b) heads comparing the 
mass:sulfur ratio to overall particle size distribution. Samples for both materials 
















































Figure 3.14     Rosin-Rammler of bucket material (a) and drum material (b) heads comparing the 
sulfur:gold ratio to overall particle size distribution. Samples for both materials 















































Table 3.7     A comparative table of mass distribution as percent passing between samples for 
bucket material and drum material heads. 
Mesh B1 B2 B3 B4 B5 B6 B7 B8 
+65 98% 95% 96% 99% 100% 100% 100% 100% 
+100 82% 77% 89% 94% 99% 99% 100% 100% 
+150 61% 57% 79% 85% 96% 96% 99% 99% 
+200 50% 48% 68% 69% 88% 87% 96% 94% 
+270 41% 38% 56% 57% 67% 48% 81% 73% 
+325 36% 33% 48% 50% 60% 46% 71% 64% 
+400 31% 28% 40% 42% 50% 39% 61% 52% 
Mesh D1 D2 D3 D4 D5 D6 D7 D8 
+65 97% 100% 100% 100% 100% 100% 100% 100% 
+100 77% 98% 100% 93% 100% 100% 100% 100% 
+150 61% 77% 87% 75% 100% 98% 99% 100% 
+200 47% 48% 64% 53% 86% 69% 91% 98% 
+270 46% 41% 58% 43% 69% 55% 65% 74% 
+325 31% 18% 41% 34% 53% 44% 51% 59% 
+400 28% 11% 37% 31% 44% 41% 48% 40% 
 
3.3 Particle Size Analysis 
This section details the application of the Rosin-Rammler analysis, and the use of a 
particle size analysis for the -400 size fraction. 
3.3.1 Rosin-Rammler Analysis 
 
Using the particle size distribution data shown above in Table 3.7, Rosin-Rammler plots were 
developed and are shown in Figure 3.11 on page 44. R2 values show excellent correlation for the 
heads of both bucket and drum material from 0.914 to 0.999. These high R2 values show that 
these samples are easily plotted via the Rosin-Rammler method and any correlation based on this 
data should be easily predicted. As expected, the samples with a finer P80 are on the lower 
portion of the chart while the coarser samples are on the top. 
Data collected from the fire assay and total sulfur analysis allow for the comparison of 
particle content by size fraction. The figures above show the Rosin-Rammler correlation between 
particle size and the mass:gold ratio (Figure 3.12, page 45), the mass:sulfur ratio (Figure 3.13, 
page 46), and the sulfur:gold ratio (Figure 3.13, page 46). These ratios are not part of the Bazin 
method, but this research is designed to show the relationship between these ratios and recovery 
for each sample. These ratios were calculated by dividing the mass (g) retained for mesh sizes 
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100, 200, 325, 400 and pan against sulfur content (%) or gold (ppm). Grams, rather than percent, 
of ore retained in each size fraction was used to facilitate ease of computation as the effect on R2 
and fitted result was negligible. The relationship between the particle size distribution and the 
ratios is very linear, with all R2 having a value over 0.944. Such a high linear relationship allows 
for a low margin of error when using this tool as a predictor of particle content for a new 
material. The data for these graphs can be seen in Appendix H, in Table H.1 on page 209, Table 
H.2 on page 210, Table H.3 on page 212, and Table H.4 on page 213. 
3.3.2 Microtrac Analysis 
A Microtrac S3500 was used to determine particle size analysis of the -400 size fraction 
of each sample. The Microtrac is much better than the RoTap to analyze superfine particles.  
Figure 3.15 and Figure 3.16, pages 50 and 51, show the results of this analysis. In Figure 3.15a, 
the bucket samples show a wide distribution, with the largest size fraction occurring at just under 
15%, at approximately 37 µm in B1. A similar spike is seen at 37 µm in B8 at 12%, but the rest 
of the samples are closely grouped together, showing the greatest values around 7%, between 20 
and 31 µm. The drum material samples have a sharper curve than those in the bucket material, 
with three samples (D1, 2, 8) nearing a peak of 30% between 30 and 45 µm, shown in Figure 
3.16a. The remaining samples have a distribution peak at 15-20% between 20 and 30 µm. Like 
the bucket samples, there does not appear to be any correlation between a samples’ P80 and its -
400 mesh distribution. The presence of particles larger than 38 µm in all samples could be 
explained by compromises in the integrity of the sieves that allowed larger particles to flow 
through to the undersize, or the tendency of the silica clay particles to clump together and appear 
as larger particles. 
3.4 CIL Bottle Roll Testing 
Following the standards set in the Bottle Roll and Titration SOPs, CIL bottle roll testing 
was conducted for a 24-hr leach period. These documents may be found in the Appendices, 
along with the original scope of Newmont testing. Due to material availability and time and 
funding constraints, the original scope was modified. The bottles and accompanying rollers used 
were donated by KCA LifterbottleTM, which have built-in lifters that can be seen below, in 
Figure 3.17, on page 52. A small drill bit created a small hole in the center of the lid to allow for 
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Figure 3.15     Microtrac particle size analysis of the -400 size fraction of the bucket material 
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Figure 3.16     Microtrac particle size analysis of the -400 size fraction of the drum material 
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Figure 3.17     Set up of bottle roll experiments in KCA Lifterbottles and rollers, below a 
hydrogen cyanide gas monitor. 
 
Testing time was paused at two and six hours into the tests to allow the solution to settle 
so pH, dissolved oxygen (DO) and free cyanide could be measured with probes or silver nitrate 
titration, and again at the end of the 24 hours. The titration set up and an example of a completed 
titration may be seen in Figure 3.18 on page 54. The eight bucket material tests were broken into 
two sets of three and one of two that were run in tandem. Each feed sample was prepared as 40% 
solid with 25 g/L carbon and a pH within the range of 10.8 to 11.5. For the bucket samples, the 
first set of three was conditioned on the rollers for ten minutes to allow the lime to mix and the 
pH to stabilize. Initial DO measurements were taken before sodium cyanide was added at 0.9423 
g/L to achieve 500 ppm. The two- and six-hour intervals of this test showed that the pH dropped 
considerably and needed additional lime to maintain a pH within the acceptable range. As a 
result, the second and third batches of tests were allowed to condition overnight before sodium 
 53 
cyanide was added to maintain a more stable pH value throughout the test. At the end of the test 
cycle, the carbon was screened from the pulp and washed with tap water to remove any residual 
pulp and placed in a drying oven. The leach liquor was filtered with a Buchner funnel with 8- 
and 2-micron filter paper, and the remaining pulp was also placed in the drying oven. Once dry, 
the tailings were massed and split into +70, +100, +150, +200, +270, +325, +400 and -400 mesh 
size fractions shown in Table 3.8, below. 
 
Table 3.8     A comparative table of tailings mass distribution as percent passing between 
samples for bucket and drum materials. 
Mesh B1 B2 B3 B4 B5 B6 B7 B8 
+60 97.77% 94.66% 96.64% 98.15% 97.76% 99.85% 99.85% 99.92% 
+100 82.08% 76.14% 90.33% 94.04% 82.30% 99.51% 99.68% 99.80% 
+150 60.90% 56.65% 82.19% 84.85% 61.03% 96.89% 98.79% 99.13% 
+200 58.04% 54.87% 80.15% 80.23% 49.51% 91.99% 95.83% 97.37% 
+270 39.43% 35.65% 55.79% 48.33% 41.18% 61.29% 65.14% 73.66% 
+325 33.91% 30.66% 48.64% 40.20% 36.10% 51.22% 49.86% 64.18% 
+400 4.89% 8.6% 16.10% 18.64% 31.09% 13.30% 21.77% 25.24% 
Mesh D1 D2 D3 D4 D5 D6 D7 D8 
+60 98.28% 99.97% 100% 99.99% 100% 100% 100% 100% 
+100 78.77% 98.24% 99.52% 96.97% 99.92% 99.95% 99.97% 100% 
+150 61.92% 81.60% 88.85% 74.14% 99.01% 98.75% 99.73% 99.31% 
+200 47.76% 58.56% 55.00% 55.72% 79.96% 78.42% 95.70% 97.95% 
+270 39.50% 47.64% 37.22% 37.32% 41.17% 49.92% 60.92% 47.68% 
+325 31.33% 34.70% 27.58% 32.03% 35.37% 28.62% 47.26% 18.39% 
+400 19.79% 28.77% 17.39% 22.94% 21.71% 23.72% 30.31% 7.05% 
 
DO and pH readings were taken after the solutions settled and it was possible to draw off 
10 mL of solution for free cyanide titration. DO readings consistently decreased throughout 
testing, and spike (readings higher than 6 mg/L) when the monitor was not calibrated for the 
altitude after being turned on. If the pH needed to be adjusted, lime was added until the pH was 
over 11. The first tests averaged 1.25 g hydrated lime per sample, but the second and third sets 
averaged 1.95 and 2.22 g per sample, which provided a much more stable pH value throughout 
testing. In the second and third sets, over 75% of the lime was added at the beginning of the 
conditioning period. Data collected during the bottle roll tests for both bucket and drum samples 
is shown below, in Table 3.9 and Table 3.10 on pages 55 and 56. 
While the cyanidation test was running, the next sample underwent a 24-hour 
conditioning period in order to stabilize the pH of the sample. One to two grams of lime were 
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added at the beginning of the 24-hour conditioning period to minimize significant pH changes 
during the test. Drum material testing parameters remained the same as the bucket materials’: 
40% pulp, 25 g/L carbon, 0.9423 g/L sodium cyanide and pH between 10.8 and 11.5. Free 
cyanide, DO and pH were measured at two and six hours into the test, and again at the end of the 
24-hours. At the conclusion of the test, each sample had the carbon screened from the pulp with 
the use of a 20-mesh sieve and pulp filtered from the leach liquor with eight- and two-micron 
filter paper in the Buchner funnel. The wet pulp was immediately sized into +270, +400 and -400 
mesh to reduce production of cyanide-contaminated wash water and facilitate sizing of the 
sample with the RoTap. The loaded carbon and three size fractions filter cake of pulp were dried 
in a drying oven at 100 ⁰C for at least 24-hours, until dry. 
 
 











Table 3.9     Data collected during bucket material bottle roll testing. 











0 5.6 10.86 0.697 -- 
2 7.4 10.88 0.059 2.24 
6 4.8 11.05 0.1561 1.56 
24 4.3 10.72 -- 1.12 
B2 
0 6.8 11.58 1.001 -- 
2 7.6 11.10 0.254 2.08 
6 5.2 10.83 -- 1.72 
24 4.1 10.50 -- 0.92 
B3 
0 3.6 11.32 1.503 -- 
2 8.95 11.28 -- 1.24 
6 3.5 11.27 0.087 0.8 
24 2.9 11.10 -- 0.48 
B4 
0 2.8 11.70 1.576 -- 
2 5.1 11.28 -- 1.84 
6 3.8 11.20 -- 1.44 
24 3.3 10.95 -- 0.76 
B5 
0 3.1 11.09 1.250 -- 
2 8.4 11.03 -- 1.08 
6 3.5 11.27 0.496 0.66 
24 2.9 10.10 -- 0.44 
B6 
0 2.6 11.08 1.137 -- 
2 7.1 11.37 0.217 1.24 
6 2.8 11.02 -- 0.68 
24 3.2 10.79 -- 0.56 
B7 
0 3.5 11.53 2.402 -- 
2 2.4 11.20 -- 1.32 
6 3.6 11.15 -- 1.09 
24 2.2 10.87 -- 0.68 
B8 
0 3.8 11.41 2.042 -- 
2 2.5 11.20 -- 1.24 
6 3.7 11.38 -- 1.12 









Table 3.10     Data collected during drum material bottle roll testing. 











0 4.0 10.97 2.015 -- 
2 3.5 11.38 0.249 0.80 
6 3.3 11.31 0.101 0.92 
24 4.5 11.08 -- 0.64 
D2 
0 5.5 11.34 2.248 -- 
2 4.4 11.03 -- 1.48 
6 3.5 11.28 0.242 1.44 
24 4.4 11.14 -- 0.44 
D3 
0 4.8 11.13 2.340 -- 
2 3.0 11.14 0.252 1.36 
6 3.7 11.03 -- 1.24 
24 6.9 10.8 -- 0.76 
D4 
0 4.0 11.33 3.062 -- 
2 3.3 11.33 -- 1.44 
6 33 11.33 -- 1.52 
24 3.9 11.43 -- 0.64 
D5 
0 3.5 10.94 2.265 -- 
2 2.8 11.37 -- 1.32 
6 2.9 11.22 0.507 1.44 
24 3.7 11.05 -- 0.52 
D6 
0 2.7 10.98 2.470 -- 
2 2.9 10.99 0.150 1.44 
6 3.1 10.93 -- 1.36 
24 5.6 10.80 -- 0.72 
D7 
0 3.2 11.19 2.460 -- 
2 6.9 11.13 0.206 2.00 
6 3.3 11.23 0.100 1.40 
24 3.7 11.06 -- 0.68 
D8 
0 4.0 11.13 2.579 -- 
2 4.3 11.13 0.250 1.08 
6 6.9 11.07 0.102 1.28 





RESULTS AND DISCUSSION 
 
 This chapter discusses the results of the CIP testing, and what was found in the analytical 
testing. How this information reflects on the project scope is also discussed. 
4.1 Material Sampling and Characterization 
 After bottle-roll testing, the tailing samples were classified into the same size fractions of 
+70, +100, +150, +200, +270, +325, +400 and -400 mesh with the use of a RoTap. These size 
fractions were massed, along with the head samples, and blended into +100, +200, +325, +400 
and -400 sections. By examining the mass distribution of the heads against the tailings, it is 
possible to examine if there are particle size changes due to leaching. Not all samples had a 
sufficient mass of 50 g for the +100 mesh, so finer P80s (B5-8, D2-8) started with +200 mesh, 
and +325 for D7 and D8. 
 
Table 4.1     A comparative table of recovery by size fraction between the bucket and drum 
samples by Tyler mesh size fraction. 
Sample Overall +100 -100 +200 -200 +325 -325 +400 -400 
B1 75.72% 36.33% 77.64% 63.55% 24.35% 97.95% 
B2 78.89% 73.56% 78.69% 70.27% 45.75% 96.50% 
B3 82.07% -- 84.29% 58.94% 62.34% 95.75% 
B4 83.77% 61.92% 81.35% 56.13% 63.37% 95.26% 
B5 86.70% -- 80.14% 72.36% 68.36% 98.61% 
B6 86.59% -- 81.89% 83.35% 52.01% 97.40% 
B7 86.86% -- 31.18% 63.54% 63.53% 98.73% 
B8 85.47% -- 79.11% 78.94% 62.04% 95.39% 
D1 79.11% 66.54% 72.65% 84.38% 64.20% 94.73% 
D2 85.52% -- 78.58% 85.89% 88.97% 76.26% 
D3 85.64% -- 76.93% 84.81% 80.75% 96.98% 
D4 84.18% -- 79.68% 85.30% 68.15% 94.46% 
D5 77.27% -- 78.40% 34.75% 86.44% 96.35% 
D6 88.90% -- 87.19% 78.41% 82.01% 96.16% 
D7 87.97% -- 100% 75.20% 50.80% 96.18% 
D8 92.26% -- -- 93.22% 97.91% 97.45% 
 
Once the heads and tailings were divided into the final size fractions, they were split with 
the Jones rifle splitter to create samples for fire assay, total sulfur, total carbon (20g) and AMICS 
analysis (30g). Newmont conducted the fire assay, total sulfur and total carbon analysis for the 
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bucket samples, while Hazen Laboratories provided these results for the drum samples. All 
AMICS work was conducted by Dr. Paul Miranda on only the largest and smallest size fraction 
for each head and tailing sample, with XRF analysis on intermediate size fractions to examine 
mineralogical trends. 
4.1.1 Characterization of the Bucket Samples 
Comparing the head and tailings size fraction by AMICS shows expected trends: the 
gangue material increasing in composition percentage, save for the occasional hematite and 
pyrite values, which decreased post-leaching. Some samples show a decrease in the major 
minerals in the gangue (quartz, orthoclase), and this variance may be explained by sample 
variance between the head and tail splits. The disappearance of quartz from the larger fraction 
and increase in the smaller fraction, along with orthoclase reduction, may be explained by 
reduction in particle size during the leaching process. As the gold affiliated with quartz is 
removed, the quartz particles become smaller and would travel to the smaller size fractions, 
“diluting” the non-quartz gangue in the finest fraction and “concentrating” it in the coarsest. 
Silica-encapsulated gold in the coarse fraction may be seen in Figure 4.1 on page 59. 
Fire assay by size fraction shows that gold content did decrease substantially after 
leaching in all samples. Each tailing sample saw at least a 75% decrease in gold content with 
some achieving values of 90% recovery overall. The head samples show that the highest 
concentration of gold is consistently in the -400 mesh fraction (10ppm). The lowest gold 
fractions were all measured at or around 8 ppm: five of the eight were in the -200 +325 mesh 
fraction, two in the sub-325 +400 fraction and one between -100 +200 mesh. The tailings 
showed that the highest remaining concentration of gold occurred above 200 mesh for all 
samples, between 2 and 4 ppm. The lowest gold concentration was found in the -325 +400 mesh 
for seven samples, and one in the -325 +400 fraction, all 1.3 ppm or less. Recovery was reliably 
the highest in the -400 mesh, ranging between 95 and 99 percent. In five of the eight samples, 
recovery was lowest in the sub-325 +400 size fraction (24%-68%), -200 +325 for two samples 
(B3 59%, B4 56%), and the largest size fraction (+200) for the last sample (B7 31%). Half of the 
samples showed several size fractions with low recovery: one in the -325 +400 fraction (B3 
62%), two in the largest fraction, +100 (B1 36%, B4 62%) and one between 200 and 325 mesh 
(B5 72%). Overall recoveries varied from 75-87%, with the 100 mesh P80s showing the lowest 
recoveries (<80%), B3 and B4 recovered between 82% and 83%, respectively, and the highest 
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recoveries shared by the 200 and 270 mesh P80s from 85 to 87 percent. By looking at the 
recovery by size fraction, it can be seen that the -400 fraction exceeds the overall recovery for all 
samples except B1 and B3. Both of these sample show increased recovery between 100 and 200 
mesh, two points above the sample average. It is not clear why these two fractions have an 
increased recovery compared to their P80 partners, or the overall data trend. This data may be 
seen above, in Table 4.1 on page 57. 
 
 
Figure 4.1     Gold particles in the coarsest fraction for B3 (a) and B5 (b) tailings. 
 
Total sulfur analysis showed that sulfur content remained rather consistent between the 
head and tailings samples. Sulfur content increases as particle size decreases resulting in the -400 
size fraction showing the highest sulfur values for five of the eight head samples, and in the sub-




0.89% sulfur, and the finer fractions (-325 mesh) range from 1.76% to 2.4%. Tailings sulfur 
starts at 0.65% and reached 0.91% in the coarsest fraction, and maximizes in the -400 size 
fraction for all samples, between 1.55% and 2.95%. Generally, sulfur decreases in the size 
fractions from heads to tailings. The -400 mesh size fraction reports less sulfur than the head 
sample, suggesting that the cyanide solution leached sulfidic material, most likely pyrite. Table 
4.2 on page 61 shows percent change in the -400 sulfur ranged from 8.9 to 40. Samples with a 
P80 of 100 mesh showed the greatest change in sulfur content, over 15% decrease, in this size 
fraction, followed by those with a 270 mesh P80. Fine sulfur content decreased the least for the 
150 mesh P80s. Other size fractions with a notable sulfur decrease are the -200 +325 with 5.6 to 
15.4% change in three samples, and 31.9% decrease in the largest size fraction for B8. Instances 
of sulfur content increasing notably are fewer, with five samples showing between 6.55 and 
16.2% change in the -325 +400 fraction, and those with P80s of 150 or higher had a sulfur 
increase of at least 12.8 percent. Only one other size fraction showed an increase: the coarsest 
fraction of +100 P80 increased by 23.5 percent. Overall, total sulfur generally increased, as shown 
by six of the eight samples. B1, 7 and 8 increased between two and three percent, B2 at 13%, B5 
at 8% and B6 at 6%, while B3 and 4 decreased 11 and 8%, respectively. 
XRF data does not show good agreement with the AMICS data. AMICS tracked the 
prevalence of eight minerals: apatite, chlorite, hematite, orthoclase, plagioclase, pyrite, quartz 
and rutile, which were paired with elements from the XRF data: calcium, magnesium, iron, 
potassium, sodium, iron and sulfur, silicon and titanium, respectively. By comparing the two 
AMICS size fractions and the eight XRF elements, there are sixteen data points between the 
heads and tailings. The best agreement shows that only eight of the head-to-tailing comparisons 
match between AMICS and XRF, which occurred for three samples (B1, B4 and B6), with the 
worst comparison at five out the sixteen (B7). Samples B3 and B5 matched for seven of the 
sixteen, while B2 and B8 matched for six. Six of the eight samples showed that the AMICS and 
XRF data agreed most commonly in the largest size fraction and disagreed most often in the -400 
mesh, but B2 and B5 showed the opposite trend. When comparing the mineral trends from 
coarsest to smallest size fraction within the heads or tailings, a slightly better agreement results. 
B2 had the most agreement with ten of the sixteen agreeing. B7 followed with nine, B5 with 
eight, B1, B4 and B8 with seven, and B3 and 6 with six. Without fail, the silica concentration 
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always decreased, moving from coarse to fine, while orthoclase increased. Rutile almost always 
increased in the finer material for both heads and tailings. 
 
Table 4.2     Sulfur changes in bucket and drum samples after leaching by Tyler mesh size 
fraction. 
Sample Overall +100 +200 +325 +400 -400 
B1 0.00% 1.18% -3.31% 2.33% 15.42% 5.31% 
B2 1.95% 23.53% 4.03% -4.19% 14.67% 7.69% 
B3 0.65% -2.47% 4.00% -2.27% 12.81% -12.64% 
B4 2.70% 0% -1.06% -1.52% 16.22% -15.71% 
B5 0.00% -- 3.45% -8.59% -2.20% 0.54% 
B6 -5.30% -- 3.37% -5.56% 0% 2.58% 
B7 8.28% -- -2.90% -15.38% 6.55% -2.81% 
B8 -8.61% -- -31.88% -0.87% 0% -4.55% 
D1 -7.25% -15.19% -2.68% -2.53% -4.90% -7.14% 
D2 -16.67% -- -6.59% -2.04% -5.03% -1.47% 
D3 -1.35% -- -25.00% -5.92% -8.38% -3.90% 
D4 -0.65% -- 11.76% 5.26% -9.50% -13.57% 
D5 6.37% -- -8.05% 8.22% -8.88% -8.11% 
D6 30.32% -- 13.89% 61.78% -17.22% -10.58% 
D7 14.74% -- -- 41.01% -12.65% -4.37% 
D8 3.25% -- -- -33.91% -16.28% 9.24% 
 
4.1.2 Characterization of the Drum Samples 
AMICS data for the drum samples showed the major constituent was silica, in both the 
heads and tailings. Gold was only found in the largest fraction of the tailings, and these gold 
particles ranged from five to ten microns and were encapsulated by either quartz or pyrite. The 
presence of holes within the quartz show that the liberated and partially liberated gold particles 
were successfully leached, as shown below in Figure 4.2 on page 62. Quartz content is higher in 
these samples and still decreases in the finer fractions, though not as much as it did in the bucket 
samples. Unlike the bucket samples, orthoclase does not substantially increase its weight percent 
in the finer fractions, allowing andalusite to take over that role. There is also no hematite in the 
drum samples, allowing for iron content to more clearly indicate how pyrite concentration 
changed. Pyrite weight percent remained relatively constant between the heads and tailings: less 
in the coarse fraction, more in the fines. Pyrite does occasionally decrease in a few samples, 




Figure 4.2     Gold particles in the -400 fraction for D3 (a) and D5 (b) tailings, with pyrite and 
quartz encapsulation, respectively. 
 
With the aid of fire assay results, gold recovery ranged from 77 to 92 percent. Gold 
concentration is usually greatest in the largest size fraction, though D7 and D8 buck the trend, 
showing the highest gold levels in the -400 and -325 +400 size fraction, respectively. D1 has the 
highest gold concentration at 17.1 ppm (+100 mesh), followed by D4 at 16.1 and D2 at 15.8. The 
remaining samples peak around 14ppm, while the lowest concentration is roughly 12ppm. D5 
had an abnormally low gold fraction, at 8.5ppm in the -200 +325 mesh. Gold concentration is 
greatest in the coarsest tailings, and drops quickly through the finer sizes. Tailings with 
abnormally high gold content were D1 +100 and D5 -200 +325. D1 reached 6.2ppm, and D5 
peaked at 4 ppm in the -200 +325 fraction, suggesting that these fractions had an unusually high 
amount of gold encapsulation compared to the other samples. The remaining fractions stayed 
under 4ppm in the tailings. Most samples did not have wide ranging recovery values, with only 
D5 +200 and D7 -325 +400 below sixty percent (35% and 51%). Like the bucket samples, the -
400 fractions routinely had the highest recovery values, from 94-97%. D2 had its highest 
recovery in the -325 +400 mesh at 89%, while the -400 fraction had the lowest (76%). The other 




was shown by D5 at 77%, likely caused by the unusually low recovery in the -200 +325 mesh. 
Otherwise, recoveries improve with finer P80 grinds, starting with 79% (100 mesh), 85% (150 
mesh), 88% (200 mesh) and 89% (270 mesh). This data may be seen above, in Table 4.1 on page 
57. 
Like with the bucket material, total sulfur analysis showed that sulfur content remained 
similar between heads and tailings, increasing concentration from coarse to fine. Head samples 
show sulfur values between 0.8 and 1.2% in the coarsest fraction, and between 1.8 and 2.2% in 
the finest. For the tailings, D8 was the only sample not to show the highest sulfur value in the -
400 fraction, but in the -325 +400 mesh instead. The highest sulfur values range from 1.9% to 
2.5%, while the lowest are from 0.9% to 1.28%. Sulfur generally increases from heads to 
tailings, particularly for the -325 +400 size fraction. The largest sulfur increase occurred in D8 
+325 at 34%, followed by D3 +200 at 25%. Generally, the samples increased their sulfur values 
by 2 to 15% as a result of leaching. Fractions that showed a decrease were D4 -200 +325, D5 -
200 +325, D6 -200 +325, D7 +325 and D8 -400. The greatest decrease in sulfur was in D6 -325 
+400 at 62%, followed by D7 +325 at 40%. The remaining increase values ranged from 9 to 
13%. There does not seem to be a correlation between the change in sulfur values and grind size. 
Only D6 and D7 show an overall decrease in sulfur, while the other samples all increase in sulfur 
content, as seen in Table 4.2 on page 61. 
Drum material XRF data disagrees with AMCIS more than the bucket material XRF did. 
As the XRF machine was unable to detect any aluminum in the drum samples, only fourteen data 
points were considered since andalusite could not be tracked another way. Anorthite was tracked 
by calcium concentration, clinochlore by magnesium, orthoclase by potassium, plagioclase by 
sodium, pyrite by iron and sulfur, quartz by silicon and rutile by titanium. D7 had the best 
agreement at ten of the fourteen, followed by D6 at eight, D8 at seven, D5 at six and the 
remaining all at five. Like with the bucket samples, the XRF and AMICS data generally agreed 
better on the larger fraction data than on the smaller, though D3 and D7 showed the opposite 
trend. AMICS and XRF agreed on anorthite trends for all but D5 +200 and D6 -400. Looking at 
the XRF data within the heads and tailings shows slightly better agreement: D7 and 8 are nine 
out of the fourteen, D1, 2, and 4 are seven, D4 is five and D5 is four of fourteen. Minerals that 
agree particularly well with both sets of data are pyrite (all sixteen of sixteen), and quartz (eleven 
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of sixteen). Pyrite consistently increased in the finer fraction, while silica generally decreased in 




Figure 4.3     Rosin-Rammler of the bucket material (a) and drum material (b) CIP tailings. The 
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Figure 4.6     A Rosin-Rammler of the bucket material (a) and drum material (b) tailings 
comparing the mass:gold ratio, the four vertical lines represent the P80s under 
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Figure 4.7     A Rosin-Rammler of the bucket material (a) and drum material (b) tailings 
comparing the mass:sulfur ratio, the four vertical lines represent the P80s under 
















































Figure 4.8     A Rosin-Rammler of the bucket material (a) and drum material (b) tailings 
comparing the sulfur:gold ratio, the four vertical lines represent the four P80s under 

















































Figure 4.9     A Rosin-Rammler of the heads (a, c, e) and tailings (b, d, f) of the bucket material. 
The top row (a, b) shows the mass:gold comparisons, middle row (c, d) shows the 
sulfur:gold comparisons and the bottom row (e, f) shows the mass:sulfur 
comparisons. 
4.2 Particle Size Analysis 
This section details the use of the Rosin-Rammler method to describe particle size 





























































































































4.2.1 Rosin-Rammler Analysis 
Using the particle size distribution data shown above in Table 3.8 on page 53, Rosin-
Rammler plots were developed and are shown in Figure 4.3 on page 64. R2 values show good 
correlation for the tailings of both bucket and drum materials. The R2 values for the bucket 
samples are slightly lower than that of the drum material, starting at 0.788 and ending at 0.973. 
Drum samples have R2 values between 0.921 and 0.992. The lower R2 values indicate that the 
resulting modeling data of gold:sulfur:sample mass may not be as accurate for the bucket 
material as it is as the drum samples. As expected, samples with a finer P80 are in the lower 
portion of the eight while the coarser samples are in the upper. As it can be seen in Figure 4.4 
and Figure 4.5, on pages 65 and 66, cyanide leaching decreased overall particle size. The shape 
of the curves between the head and tailing samples are similar, suggesting that there was no shift 
to a particular size fraction as a result of leaching. 
Data collected from the fire assay and total sulfur analysis allow for the comparison of 
particle content by size fraction. The figures below show the Rosin-Rammler correlation 
between particle size and the mass:gold ratio (Figure 4.6, page 67), the mass:sulfur ratio (Figure 
4.7, page 68), and the sulfur:gold ratio (Figure 4.8, page 69). The relationship between the 
particle size distribution and the ratios is very linear, with all R2 having a value over 0.962, a 
slightly higher value than the heads’ R2 value of 0.944. Such a high linear relationship allows for 
a low margin of error when using this tool as a predictor of particle content for a new material. 
Data for this analysis and for Figure 4.3 through Figure 4.10 are seen in Appendix H. 
 Figure 4.9 on page 70 contrasts bucket material head data (left) against tailing data (right) 
for the three ratios examined, while Figure 4.10, on page 72, does the same for the drum 
material. Curve shape becomes steeper as a result of leaching, indicating that these ratios skew 
more heavily to the fines after testing. Mass:gold graphs show that either the particle size of the 
ratio increased as gold content decreased, or the percent retained decreased for the larger sieve 
sizes. Sulfur:gold shows that percent retained decreased, an expected trend for the result of gold 
leaching. Mass:sulfur graphs actually increased percent retained for 100, 150 and 200 meshes, as 












Figure 4.10     A Rosin-Rammler of the heads (a, c, e) and tailings (b, d, f) of the drum material. 
The top row (a, b) shows the mass:gold comparisons, middle row (c, d) shows the 




































































































































Table 4.3     Head sulfur content for all samples by Tyler mesh size fraction. 
Sample Overall +100 +200 +325 +400 -400 
B1 1.59% 0.85% 1.21% 1.72% 2.40% 2.07% 
B2 1.54% 0.85% 1.24% 1.67% 2.25% 2.21% 
B3 1.54% 0.81% 1.00% 1.32% 2.03% 1.82% 
B4 1.48% 0.79% 0.94% 1.32% 1.85% 1.91% 
B5 1.58% -- 0.87% 1.28% 1.82% 1.86% 
B6 1.51% -- 0.89% 1.26% 1.77% 1.94% 
B7 1.57% -- 0.69% 1.17% 1.68% 1.78% 
B8 1.51% -- 0.69% 1.15% 1.68% 1.76% 
D1 1.38% 0.79% 1.12% 1.58% 2.04% 1.96% 
D2 1.26% -- 0.91% 1.47% 1.79% 2.04% 
D3 1.48% -- 0.84% 1.52% 1.91% 2.05% 
D4 1.55% -- 1.02% 1.71% 2.00% 2.21% 
D5 1.57% -- 0.87% 1.46% 1.69% 1.85% 
D6 1.55% -- 1.08% 1.57% 1.51% 1.89% 
D7 1.56% -- 0.84% 1.39% 1.66% 1.83% 
D8 1.54% -- -- 1.15% 1.72% 1.84% 
 
4.2.2 Microtrac Size Analysis 
A Microtrac S3500 was used to run particle size analysis of the -400 size fraction of each 
sample, as it was the only available machine to provide high resolution for fine particles. Figure 
4.11, on page 74, and Figure 4.12, on page 75, show the results of this analysis. In Figure 4.11, 
the bucket samples show a wider distribution, with the largest size fraction occurring at just over 
10%, at approximately 22 µm in B5. Similar peaks are seen in B2 at just under 10% for 26µm, 
B8 at 9.7% at 22µm, and B1 at 9.5% and 37µm. Drum samples have a sharper curve than those 
in the bucket material, with two samples (D2 and D8) achieving a peak of over 25% at 31µm, 
shown in Figure 4.13 on page 76. This peak is visible in all other samples, except for D1, which 
peaked at 13% at 22 µm. Both materials show a reduction in particle size, Figure 4.14 on page 
77. Bucket samples increased the weight percentage of the finer fractions, while the peaks of the 
drum samples shifted further left. The presence of particles larger than 38 µm in all samples 
could be explained by compromises in the integrity of the sieves that allowed larger particles to 
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flow through to the undersize, or the tendency of the silica clay particles to clump together and 




Figure 4.11     Microtrac particle size analysis of the -400 size fraction of the bucket material 
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Figure 4.12     Microtrac particle size analysis of the -400 size fraction of the drum material 
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Figure 4.13     Mictrotrac particle size analysis of bucket material (a, c) and drum material (b, d) 
by weight percent. Heads are on the top row (a, b), while tailings are on the 
bottom (c, d).  
 
4.3 Mass Balances 
 Majority of samples, both bucket and drum materials, show an overall decrease in sulfur 
content post-leaching. There does not seem to be a direct connection between P80 size and sulfur 
leaching, as seen in Figure 4.15 on page 78. However, as seen in Figure 4.16, on page 79, sulfur 
content does seem to have a loose connection to gold recovery when broken into size fractions. 
The larger size fractions, +100 and +200, tend to have lower sulfur content and a trend including 
low recoveries until 1.75% sulfur. The -400 fraction has the highest sulfur content (1.76%-
2.21%, Table 4.3, page 73), but also the highest recovery values (76%-99%, Table 4.1, page 57). 
This correlation is likely not causative – sulfur tended to concentrate in the smaller size fractions, 
which may be due to it having a softer hardness than silica. XRF and AMICS data shows that 
silica has a higher concentration in the coarser fractions, which higher pyrite concentrations 

























































Figure 4.14     Microtrac particle size analysis of bucket material (a) and drum material (b) after 
Rosin-Rammler analysis. Heads are on the top row (a, b), while tailings are on the 
bottom (c, d). 
 
As seen in Figure 4.17 on page 80, the percent change for sulfur in the -400 mesh was 
positive, indicating it did not leach with the gold. The increase in recovery is most likely due to 
the higher degree of liberation that fine grinding provides. The sub-325 +400 mesh shows a wide 
range in recovery over a comparatively smaller range of sulfur values. The low recovery values 
likely represent the samples that showed silica or pyrite encapsulation, as this size fraction’s 
sulfur change remained close to zero. This same pattern of encapsulation outliers without clear 
sulfur change can be seen in the other size fractions. Gold recovery as a function of sulfur varied 
widely over a small sulfur range for the +100 fraction, with B1 showing the lowest recovery. 
Sample B1 had two encapsulated fractions with poor recovery, and the percent change shows 




































































































Figure 4.15     A comparison of change in sulfur content and P80 values. 
 
4.4  Bazin-Style Recovery Predictions 
 Bazin’s original work described the recovery of a grinding-flotation circuit, and Runge 
applies this methodology to three case studies. One of these case studies details a copper-gold 
operation that had problems with the accuracy of its geometallurgical models. This study utilized 
the Bazin method to determine the results of different particle size distributions. As noted 
previously, the nature of flotation means that particles cannot be too coarse, but they can also not 
be too fine, which is a fundamental difference from heterogeneous kinetic reactions, like gold 
cyanidation. Runge’s case study shows that recovery was not sensitive to decreasing P80s. This is 








































Figure 4.16     A comparison of gold recovery and sulfur content for both bucket material (a) and 



















































Figure 4.17     A comparison of gold recovery with percent sulfur change for both bucket 
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Figure 4.18     A comparison of head sulfur content against the percent change post leaching for 























































Figure 4.19     A comparison of gold recovery as a function of sample P80. 
 
Correlating the ratios of mass:gold, mass:sulfur and sulfur:gold with measured gold 
recovery produced a variety of R2 values and slopes (Figure 4.20, page 83). The graphs above 
show the relationship between gold recovered and each ratio. The bucket and drum material 
behave differently, both as a whole and by size fraction. The bucket material showed its best 
correlation for the mass:gold at R2 0.74, followed by mass:sulfur at R2 of 0.68. While the quality 
of these regressions is certainly poor, it shows a trend exists. Compared to the drum material, the 
bucket material size fractions showed quite similar trends that allowed for a clear overall trend to 
be identified. The drum material, however, did not present any neat or discernable trend as a 
whole, but some of the size fractions seem to be sensitive to the change in composition. Clear 
examples of this can be seen for each ratio, particularly -45 +38µm for mass:gold and -75+45µm 
for sulfur:gold. R2 values for these are 0.80 and 0.82, respectively. Despite the peak of 0.82, 
sulfur:gold shows very poor correlation with recovery by size fraction, with an average value of 
0.29. Overall correlation is no better, with values for 0.016 and 0.062 for bucket and drum 
materials, respectively. The poor relationship between any ratio and the drum samples can be 
partially explained by the finer grind in this material. D1 is the only sample with +150µm 
























finer P80 than D1, B1 or B2. These materials were ground in different rod mills, which 





Figure 4.20     Measured gold recovery correlated with head mass:sulfur:gold ratios. Bucket 
materials (a, c, e) are on the right, and drum material (b, d, f) on the left. 
Mass:gold is in the top row, (a, b), middle row is mass:sulfur (c, d) and 
sulfur:gold is on the bottom (e, f). 
 
 The best correlation to predict recovery is the mass fraction:gold for the bucket material, 











































































































The dependence on mass fraction seen in both materials is likely due to the impact of liberation. 
As liberation increased, recovery increases due to the increasing availability of gold for 
cyanidation. The drum material showed best overall correlation between measured and 
calculated recovery based on the mass fraction:sulfur relationship. As shown by AMICS 
analysis, pyrite concentrated in the finest size fractions, where liberation is the highest. With this 
relationship in mind, it is difficult to explain why the sulfur:gold relationship shows such poor 
correlation for both materials. Both of the sulfur:gold regressions have a positive slope, as 
expected, but the lack of sensitivity needs further investigation, likely with respect to the 
cyanicidic materials in the ore, such as stibnite, tetrahedrite or chalcopyrite. Recovery models 
may display a higher sensitivity for ores with a higher overall sulfur content and should be 
considered ore-specific due to the visible disagreement between the bucket and drum samples. If 
this study is replicated, another important consideration is the grind distribution variation 
between rod and ball mills. This change will certainly impact the particle size distribution and 
therefore change the relationship between mass fraction, sulfur and gold distribution. 
Cost savings were calculated by using the Bond Work index, BWi, as shown below in 
Eqn (4.1). It is assumed that the feed size, F, had a P80 of 2000μm and the product size, P80, 
varied from 53 to 150μm. A table of calculations follows in Table 4.4 on page 86. As overall 
recoveries remain reliably high, and close to the values produced by the 270 mesh P80s, it would 
seem best for the cyanidation feed to be increased to a P80 of 150 mesh, or 100µm. As seen in the 
below table, this would save the mill 34.6% of the fine grinding energy costs, over $700,000 
annually. This change in the grinding circuit may allow for a 20% increase in throughput, from 
753,360 tpy to 904,032 tpy. If the current cost per ton is assumed at $20, O’Hara’s equation, Eqn 
(4.2), shows that the cost per tonne would drop by $1.06 to $18.94, and saves an additional 
$801,990 at the new throughput. 
 
kWhr=10*BWi* ( 1√P - 1√F) (4.1) 










Figure 4.21     Bucket material (a) and drum material (b) correlation between measured and 






















































Table 4.4     Bond Work Index Annual Savings Calculations. All costs are in NZ$. 
F80, μm: 2000 BWi: 19.1 NZ$/kWh: 0.125  
Throughput, tpy: 753360 OPEX/ton: 20.00 OPEX, $: 15,067,200  
P80, μm: 150 125 105 88 74 53 
kWhr/ton: 11.3 12.8 14.4 16.1 17.9 22.0 
kWhr Change: 48.4% 41.7% 34.6% 26.7% 18.4% 0% 
Energy Cost: 1,071,319 1,206,569 1,353,110 1,515,174 1,688,695 2,068,442 
Energy Savings: 997,123 861,873 715,332 553,268 379,747 0 
Throughput Increase 
Throughput, tpy: 904,032 OPEX/ton 18.94: OPEX Savings: 801,990  
Total Savings: 1,799,112 1,663,863 1,517,322 1,335,257 1,181,737  





CONCLUSIONS AND DIRECTION FOR FUTURE RESEARCH 
 
In general, overall recovery values increase as P80 decreases, and the higher-grade drum 
samples tended to have higher overall recovery values. The lowest recovery in both bucket and 
drum samples occurred in the coarsest samples: B1, B2, and D1, from 76 to 79 percent. Several 
bucket samples had unexpectedly low recoveries in the +100 (B1) and -325 +400 mesh fractions 
(B1 and B2). AMCIS by Dr. Miranda showed that B1 heads had silica encapsulation of five-
micron gold particles, and B2 had silica encapsulation of gold particles from five to ten microns. 
The D5 sample had a surprisingly low overall recovery compared to its P80 partners in both 
bucket and drum materials. This may be explained by significantly low recovery in the -200 
+325 mesh fraction, and AMICS showed a silica-encapsulated gold particle at 10 µm in the same 
tailing size fraction. Comparing AMICS to the mass balances does show that encapsulation 
occurred in some samples. There was no pyrite encapsulation found in the bucket samples, and 
total pyrite encapsulation was rare in the drum samples. Most encapsulation occurs with silica. 
Overall recovery values ranged from 75 to 92%. Only the finest sample, D8, achieved a 
recovery over 90%. Four samples, B1 and 2, D1 and 5, showed recovery under 80%, of which 
two showed silica or pyrite encapsulation in the mid-range size fractions. Recoveries in the mid-
80s can be routinely achieved in samples that had a P80 of either 200 or 270 mesh, and low 80s in 
the samples with 150 mesh P80. This suggests that the mill could reduce fine grinding costs by as 
much as 34%, or nearly NZ$700,000. Consequently, throughput could be increased by 20%, 
which translates into an additional cost savings of NZ$960,000 annually. 
Sulfur content did not change significantly as a result of leaching, with only three 
samples exceeding 10% in either direction: D2, D6 and D7. Plotting the overall change in sulfur 
content against overall recovery did not show any strong correlation, as the percent change of 
sulfur hovers around zero for the majority of the data points. Examining recovery by size fraction 
shows that recovery does increase as head sulfur value increases, but this is believed to be a 
result of increasing liberation with continued grinding, since the size fraction with the highest 
sulfur content is also the finest size, -400 mesh. 
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The Rosin-Rammler analysis shows that particle size distribution does not change greatly 
as a function of leaching. This is expected as the gold particles are quite fine and their removal 
via cyanidation would not have had any great impact. Rosin-Rammler analysis of the 
mass:sulfur:gold ratios do show some change, most noticeably in the coarsest size fraction of 
each sample. Mass:gold showed a drop in particle size and an increase in mass retained. 
Mass:sulfur did not show as much of a change in particle size, but percent retained did increase 
after leaching. Sulfur:gold particle size decreased, but the percent retained decreased. Creating a 
model using the ratios showed trends that can be used to predict ore-specific recovery. The best 
predictor is the mass:gold distribution, followed by the mass:sulfur distribution, which both 
describe gold liberation. Sulfur:gold was not found to be a good predictor. 
Future work should consider ores with a higher sulfur content to better examine the 
impact of the sulfur:gold relationship. Attention should also be paid to the different sulfidic 
minerals associated with the ore, as the associated metals often react with free cyanide, or cause 
galvanic reactions that prevent gold dissolution. Different grinding methods should be examined, 
as the scale of testing utilizes different grinding equipment, which would change the particle size 
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MINERAL LIBERATION ANALYSIS 
 
This appendix shows both the bucket and drum material as analyzed via mineral 
liberation analysis (MLA). All MLA work was conducted by Gary Wyss at Montana Technical 
University in the Center for Advanced Mineral Processing. 
A.1 Bucket Samples MLA 
 
Table A.1     Modal Mineral concentrations for the gold ore composite sample (weight %). 
Mineral Formula Au Ore 
Quartz SiO2 90.2 
Pyrite FeS2 3.41 
K_Feldspar KAlSi3O8 2.46 
Muscovite KAl2(AlSi3O10)(OH)2 1.67 
Illite (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10(OH)2•H2O 0.77 
Plagioclase (Na,Ca)(Al,Si)4O8 0.64 
Calcite CaCO3 0.35 
Amphibole Ca2(Mg,Fe)5Si8O22(OH)2 0.10 
Chlorite (Mg3,Fe2)Al(AlSi3)O10(OH)8 0.09 
Rutile TiO2 0.08 
Chalcopyrite CuFeS2 0.05 
Apatite Ca5(PO4)3F 0.04 
FeCr FeCr 0.04 
Vermiculite (Mg,Fe,Al)3(Si,Al)4O10(OH)2•4H2O 0.02 
Dolomite CaMg(CO3)2 0.02 
FeO Fe2O3 0.02 
Titanite CaTiSiO5 0.02 
Sphalerite ZnS 0.01 
Tetrahedrite Cu11(Fe,Ag,Zn)Sb4S13 P 
Galena PbS P 
Pyroxene CaMgSi2O6 P 
Scheelite CaWO4 P 
Barite BaSO4 P 
Selenopolybastite Ag0.5S0.3Sb0.06Cu0.07Se0.07 P 
Freibergite Cu3Ag3Fe6Sb4S13 P 










Table A.2     Content by mineral grouping (weight %). 
Mineral Group Ore 
Au/Ag Mins 0.006 
Silicates 96.0 
Misc Sulfides 3.42 
Carbonates 0.37 
Oxides/hydroxides 0.10 
Phosphates, Sulfates + 
others 
0.08 
Cu Sulfides 0.05 
 
 
Figure A.1     MLA particle size distribution for the composite gold ore. 
 
Table A.3     Content by mineral grouping (weight %) of “sink” fraction by mesh sizing. 
Mineral Group +100 100 X 200 
Au/Ag Mins 0.022 0.037 
Misc. Sulfides 74.5 88.9 
Silicates 24.0 8.74 
Phosphates, Sulfates + 
others 
0.54 1.47 
Oxides/hydroxides 0.88 0.74 
Carbonates 0.11 0.05 








Table A.4     Mineral content of the HLS “sink” material from the ore (weight %) by mesh size 
fraction. 
Mineral Formula +100 100 X 200 
Pyrite FeS2 74.3 88.8 
Quartz SiO2 21.6 7.25 
FeCr FeCr 0.51 1.46 
FeO Fe2O3 0.66 0.39 
Muscovite KAl2(AlSi3O10)(OH)2 0.68 0.37 
Amphibole Ca2(Mg,Fe)5Si8O22(OH)2 0.37 0.38 
Rutile TiO2 0.20 0.34 
Pyroxene CaMgSi2O6 0.59 0.28 
K_Feldspar KAlSi3O8 0.44 0.21 
Illite (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10(OH)2•H2O 0.32 0.11 
Sphalerite ZnS 0.12 0.10 
Zircon ZrSiO4 ND 0.08 
Calcite CaCO3 0.05 0.04 
Chlorite (Mg3,Fe2)Al(AlSi3)O10(OH)8 P 0.03 
Electrum Au0.6Ag0.4 0.02 0.02 
Plagioclase (Na,Ca)(Al,Si)4O8 0.03 0.02 
Apatite Ca5(PO4)3F 0.02 0.02 
Chalcopyrite CuFeS2 P 0.01 
Dolomite CaMg(CO3)2 0.06 0.01 
Tetrahedrite Cu11(Fe,Ag,Zn)Sb4S13 P 0.01 
Galena PbS P 0.01 
Titanite CaTiSiO5 P 0.01 
Arsenopyrite FeAsS 0.02 0.01 
Vermiculite (Mg,Fe,Al)3(Si,Al)4O10(OH)2•4H2O ND 0.01 
Hessite Ag2Te ND P 
Scheelite CaWO4 0.02 P 
Selenopolybastite Ag0.5S0.3Sb0.06Cu0.07Se0.07 ND P 
Covellite CuS ND P 
Barite BaSO4 P P 
Freibergite Cu3Ag3Fe6Sb4S13 ND P 















Table A.5     MLA-calculated elemental composition. (Wt.%) 
































Figure A.2     Gold-silver mineral grain size distributions for the Au ore. 
 
 
Table A.6     Quantitative XRD analysis comparison with MLA for the Au ore. 
Phase name XRD (%) MLA (%) 
Quartz 92.6 90.2 
Pyrite 1.4 3.4 
Muscovite 5.8 1.7 








Figure A.3     Classified MLA image from the Au ore. Particle inset units are in pixels and 
concentration palette values are in area percentage. 
 
 
Figure A.4     Classified MLA image from the Au ore HLS “sink” material. Particle inset units 














































































Figure A.10     Silver sulfosalts in pyrite (A) and sphalerite (B). 
 
 
Figure A.11     Hessite in chalcopyrite. 
 
 
Table A.7     Gold-Silver distribution by mineral in the ore (%). 
Mineral Ag Au 
Electrum 71.3 99.9 
Hessite 13.8 -- 
AgS_CuSbSe 10.9 -- 
Tetrahedrite 3.0 -- 
Freibergite 0.7 -- 
Petzite 0.3 0.1 















A.2 Drum Samples MLA 
 
 
Figure A.13     MLA particle size distribution for the composite gold ore (-20 mesh material). 
 
 
Table A.8     Content by mineral grouping (weight %). 
Mineral Group  Au Ore II  
Total Silicates  96.0  
Silicates  90.0  
Phyllosilicates  5.98  
Misc. Sulfides  3.53  
Carbonates  0.34  
Oxides/hydroxides  0.12  
Phosphates, Sulfates & others  0.04  
Cu Sulfides  0.01  




Figure A.14     Gold-silver mineral grain size distributions for the Au ore. 
 
 






Table A.9     Modal Mineral concentrations for the gold ore composite sample (weight %). 
Mineral Formula Au Ore II 
Quartz SiO2 86.4 
Muscovite KAl2(AlSi3O10)(OH)2 5.17 
Pyrite FeS2 3.52 
K_Feldspar KAlSi3O8 2.49 
Plagioclase (Na,Ca)(Al,Si)4O8 0.89 
Illite (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10(OH)2•H2O 0.71 
Calcite CaCO3 0.34 
Amphibole (Ca2,Na)(Mg2FeAl)Si6O22(OH)2 0.13 
Rutile TiO2 0.08 
Vermiculite (Mg,Fe,Al)3(Si,Al)4O10(OH)2•4H2O 0.08 
Apatite Ca5(PO4)3F 0.04 
FeO Fe2.5O3.5 0.03 
Chlorite (Mg3,Fe2)Al(AlSi3)O10(OH)8 0.03 
Titanite CaTiSiO5 0.01 
Galena PbS 0.01 
Pyroxene CaMgSi2O6 0.01 
Scheelite CaWO4 0.01 
Zircon ZrSiO4 P 
Corundum Al2O3 P 
Sphalerite ZnS P 
Chalcopyrite CuFeS2 P 
Tetrahedrite Cu3SbS3 P 
Barite BaSO4 P 
Electrum Au0.6Ag0.4 P 
Ilmenite FeTiO3 P 
Dolomite CaMg(CO3)2 P 
Chromferide FeCr P 
 
 












Table A.10     MLA-calculated elemental composition. (Wt.%) 
Element  Au Ore II  
Oxygen  50.8  
Silicon  42.5  
Sulfur  1.89  
Iron  1.75  
Aluminum  1.61  
Potassium  0.89  
Calcium  0.23  
Titanium  0.05  
Magnesium  0.04  
Carbon  0.04  
Sodium  0.04  
Hydrogen  0.04  
Phosphorus  0.01  
Lead  0.01  
Tungsten  P  
Copper  P  
Zinc  P  
Zirconium  P  
Barium  P  
Fluorine  P  
Antimony  P  
Gold  P  
Silver  P  
Chromium  P  
Selenium  P  
Arsenic  P  






Table A.11     Mineral content of the HLS “sink” material from the ore (weight %) by Tyler 
mesh size fraction. 
Mineral Formula 50 X 100 100 X 200 
Pyrite FeS2 74.6 86.3 
Quartz SiO2 19.0 9.22 
Muscovite KAl2(AlSi3O10)(OH)2 1.54 1.05 
FeO Fe2.5O3.5 2.34 0.61 
Chromferide FeCr 0.21 0.53 
Rutile TiO2 0.27 0.45 
Pyroxene CaMgSi2O6 0.56 0.33 
Amphibole (Ca2,Na)(Mg2FeAl)Si6O22(OH)2 0.45 0.33 
K_Feldspar KAlSi3O8 0.31 0.30 
Ilmenite FeTiO3 P 0.17 
Illite (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10(OH)2•H2O 0.22 0.12 
Calcite CaCO3 0.05 0.09 
Sphalerite ZnS 0.06 0.07 
Zircon ZrSiO4 P 0.07 
Plagioclase (Na,Ca)(Al,Si)4O8 0.05 0.06 
Chalcopyrite CuFeS2 0.05 0.05 
Spinel MgAl2O4 0.05 0.04 
Corundum Al2O3 0.07 0.02 
Electrum Au0.6Ag0.4 ND 0.04 
Vermiculite (Mg,Fe,Al)3(Si,Al)4O10(OH)2•4H2O 0.06 0.02 
Apatite Ca5(PO4)3F 0.05 0.02 
Galena PbS 0.03 0.02 
Chlorite (Mg3,Fe2)Al(AlSi3)O10(OH)8 0.02 0.02 
Barite BaSO4 ND 0.02 
Titanite CaTiSiO5 0.01 0.01 
Tetrahedrite_Ag (Ag,Cu,Fe,Zn)12(Sb,As)4S13 P 0.01 
Tetrahedrite Cu3SbS3 P P 
Selenopolybasite [(Ag,Cu)6(Sb,As)2(S,Se)7][Ag9Cu(S,Se)2Se2)] P P 
Arsenopyrite FeAsS P P 
Naumannite Ag2Se P P 
Covellite CuS ND P 
Dolomite CaMg(CO3)2 ND P 
Acanthite Ag2S P ND 
Scheelite CaWO4 ND P 
Hessite Ag2Te ND ND 







Figure A.19     Classified MLA image from the Au ore II. Particle inset units are in pixels and 
concentration palette values are in area percentage. 
 
 
Figure A.20     Classified MLA image from the Au ore II HLS “sink” material. Particle inset 
units are in pixels and concentration palette values are in area percentage. 
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Table A.12     Gold-Silver distribution by mineral in the ore (%). 
Mineral  Ag  Au  
Electrum  78.4  100  
Tetrahedrite_Ag  11.8  --  
Selenopolybasite  6.1  --  
Naumannite  3.5  --  
Acanthite  0.1  --  
Hessite  --  --  
Petzite  --  --  









Figure A.22     BSE image from the Au ore II HLS “sink” material. 
 
 





Figure A.24     Disseminated electrum in quartz (A) and large electrum grain with fine 
disseminated electrum and pyrite in quartz (B). 
 
 






Figure A.26     Disseminated electrum inclusions in quartz. 
 
 




Figure A.28     Small electrum inclusions in quartz. 
 
 




Figure A.30     Electrum with quartz and pyrite and small naumannite inclusions in pyrite (A), 
and electrum with sphalerite and selenopolybasite in quartz. 
 
 
Figure A.31     Selenopolybasite in pyrite. 
 
 






Figure A.33     Argentiferous tetrahedrite with sphalerite (A), and at the grain boundary between 
quartz and pyrite (B). 
 
 
Figure A.34     Argentiferous tetrahedrite with galena inclusion, also inclusions of 










ADVANCED MINERAL IDENTIFICATION AND CHARACTERIZATION SYSTEM 
 
 This appendix details the ore as described by Advanced Mineral Identification and 
Characterization System (AMICS) by Dr. Paul Miranda of Eagle Engineering. 
 
B.1 Bucket Samples AMICS 
 










Apatite Ca5(PO4)3OH 0.42 0.47 0.25 0.67 
Chlorite (Fe,Mg,Al)6(Si,Al)4O10(OH)8 0.06 0.01 0.00 0.00 
Hematite Fe2O3 0.01 0.01 0.00 0.00 
Orthoclase KAlSi3O8 7.18 6.34 24.15 22.49 
Plagioclase (Na,Ca)KAlSi3O8 0.32 0.53 0.15 0.19 
Pyrite FeS2 0.62 0.50 0.16 0.12 
Quartz SiO2 91.36 92.12 75.22 76.48 
Rutile TiO2 0.03 0.02 0.07 0.05 
 
 










Apatite Ca5(PO4)3OH 0.00 0.00 0.89 1.02 
Chlorite (Fe,Mg,Al)6(Si,Al)4O10(OH)8 0.57 0.36 0.01 0.01 
Hematite Fe2O3 0.07 0.01 0.02 0.01 
Orthoclase KAlSi3O8 6.31 8.69 23.28 24.62 
Plagioclase (Na,Ca)KAlSi3O8 0.28 0.47 0.24 0.27 
Pyrite FeS2 0.50 0.30 0.03 0.31 
Quartz SiO2 92.26 90.14 75.52 73.72 












Figure B.3     Gold particle in B2 heads. 
 
 




Table B.3     Overall mineralogy of B3 by AMCIS by Tyler mesh size fraction 







Apatite Ca5(PO4)3OH 0.00 0.40 0.63 0.40 
Chlorite (Fe,Mg,Al)6(Si,Al)4O10(OH)8 0.20 0.14 0.03 0.03 
Hematite Fe2O3 0.16 0.01 0.00 0.01 
Orthoclase KAlSi3O8 8.68 7.70 16.60 16.72 
Plagioclase (Na,Ca)KAlSi3O8 0.34 0.56 0.17 0.21 
Pyrite FeS2 0.22 0.59 0.13 0.14 
Quartz SiO2 90.39 90.58 82.39 82.42 


























Apatite Ca5(PO4)3OH 0.01 0.29 0.54 0.29 
Chlorite (Fe,Mg,Al)6(Si,Al)4O10(OH)8 0.23 0.01 0.03 0.03 
Hematite Fe2O3 0.26 0.01 0.01 0.01 
Orthoclase KAlSi3O8 5.86 10.5 23.76 20.76 
Plagioclase (Na,Ca)KAlSi3O8 0.23 0.43 0.24 0.24 
Pyrite FeS2 0.44 0.22 0.22 0.22 
Quartz SiO2 92.95 88.53 75.14 78.39 








Figure B.9     Head gold particle in B4. 
 
 















Apatite Ca5(PO4)3OH 0.00 0.00 0.42 0.72 
Chlorite (Fe,Mg,Al)6(Si,Al)4O10(OH)8 0.36 0.65 0.03 0.02 
Hematite Fe2O3 0.07 0.25 0.01 0.00 
Orthoclase KAlSi3O8 6.76 10.24 16.64 16.53 
Plagioclase (Na,Ca)KAlSi3O8 0.35 0.21 0.16 0.16 
Pyrite FeS2 0.40 0.22 0.05 0.19 
Quartz SiO2 92.04 88.42 82.58 82.22 








Figure B.12     Head gold particle in B6. 
 










Apatite Ca5(PO4)3OH 0.00 0.49 0.52 0.7 
Chlorite (Fe,Mg,Al)6(Si,Al)4O10(OH)8 0.43 0.01 0.02 0.00 
Hematite Fe2O3 0.04 0.02 0.16 0.00 
Orthoclase KAlSi3O8 7.08 7.98 18.99 18.84 
Plagioclase (Na,Ca)KAlSi3O8 0.5 0.22 0.09 0.19 
Pyrite FeS2 0.76 0.53 0.07 0.18 
Quartz SiO2 91.11 90.71 80.14 79.97 





Figure B.13     Head B6 gold particle. 
 
 




Figure B.15     Head gold particle in B7. 
 
 
Figure B.16     Head B7 gold particle. 
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Apatite Ca5(PO4)3OH 0 0.38 0.45 0.53 
Chlorite (Fe,Mg,Al)6(Si,Al)4O10(OH)8 0.53 0.02 0.01 0.03 
Hematite Fe2O3 0.05 0.02 0.01 0.01 
Orthoclase KAlSi3O8 5.92 8.26 13.38 9.24 
Plagioclase (Na,Ca)KAlSi3O8 0.41 0.36 0.2 0.25 
Pyrite FeS2 0.53 0.49 0.08 0.08 
Quartz SiO2 92.55 90.45 85.87 89.57 









Figure B.18     Large gold particle in B7 heads. 
 
 




Figure B.20     Head gold particle in B8 
 
 










Apatite Ca5(PO4)3OH 0.00 0.31 0.35 0.75 
Chlorite (Fe,Mg,Al)6(Si,Al)4O10(OH)8 0.44 0.01 0.03 0.03 
Hematite Fe2O3 0.04 0.00 0.00 0.00 
Orthoclase KAlSi3O8 6.53 6.00 28.22 30.98 
Plagioclase (Na,Ca)KAlSi3O8 0.26 0.40 0.25 0.05 
Pyrite FeS2 0.33 0.31 0.07 0.08 
Quartz SiO2 92.34 92.93 71.07 68.09 








B.2 Drum Samples AMICS 
 










Andalusite Al2SiO5 3.18 2.85 3.97 3.48 
Anorthite CaAl2Si2O8 0.24 0.49 0.19 0.59 
Clinochlore (Mg,Fe)5Al2Si3O10OH 0.16 0.26 0.37 0.00 
Orthoclase KAlSi3O8 2.52 2.17 5.64 0.57 
Plagioclase (Na,Ca)AlSi3O8 0.28 0.00 0.22 0.00 
Pyrite FeS2 0.64 0.96 2.48 3.78 
Quartz SiO2 92.96 93.27 87.01 91.57 

























Figure B.26     Gold particle encapsulated by quartz and pyrite, D1 tailing. 
 
 










Andalusite Al2SiO5 2.10 2.07 3.03 18.30 
Anorthite CaAl2Si2O8 0.09 0.25 0.07 0.19 
Clinochlore (Mg,Fe)5Al2Si3O10OH 0.13 0.00 0.10 0.02 
Orthoclase KAlSi3O8 3.33 0.48 3.06 0.96 
Plagioclase (Na,Ca)AlSi3O8 0.13 0.00 0.18 0.00 
Pyrite FeS2 1.15 1.63 2.82 2.72 
Quartz SiO2 93.06 95.58 90.73 77.82 













Figure B.29     Gold Particles with quartz encapsulation, D2 tailing. 
 
 










Andalusite Al2SiO5 4.38 3.25 2.59 14.84 
Anorthite CaAl2Si2O8 0.08 0.53 0.15 0.54 
Clinochlore (Mg,Fe)5Al2Si3O10OH 0.17 0.27 0.09 0.07 
Orthoclase KAlSi3O8 4.45 2.74 3.26 0.65 
Plagioclase (Na,Ca)AlSi3O8 0.32 0.00 0.16 0.00 
Pyrite FeS2 1.48 1.52 2.39 2.84 
Quartz SiO2 89.06 91.70 91.36 81.09 








Figure B.31     Free gold particle, D3 heads. 
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Figure B.32     Gold particles with pyrite encapsulation, D3 tailing. 
 
 










Andalusite Al2SiO5 5.85 3.47 14.06 13.92 
Anorthite CaAl2Si2O8 0.08 0.54 0.08 0.28 
Clinochlore (Mg,Fe)5Al2Si3O10OH 0.25 0.15 0.33 0.04 
Orthoclase KAlSi3O8 5.29 3.42 9.24 0.65 
Plagioclase (Na,Ca)AlSi3O8 0.22 0.00 0.19 0.00 
Pyrite FeS2 1.42 1.58 3.34 3.11 
Quartz SiO2 86.86 90.84 72.72 82.01 












Figure B.35     Gold particle with quartz encapsulation, D4 tailing. 
 
 










Andalusite Al2SiO5 3.16 3.87 2.69 4.64 
Anorthite CaAl2Si2O8 0.11 0.68 0.10 0.23 
Clinochlore (Mg,Fe)5Al2Si3O10OH 0.14 0.21 0.07 0.00 
Orthoclase KAlSi3O8 3.28 2.46 3.67 0.26 
Plagioclase (Na,Ca)AlSi3O8 0.35 0.00 0.13 0.00 
Pyrite FeS2 1.39 1.18 3.52 2.49 
Quartz SiO2 91.56 91.59 89.82 92.38 












Figure B.38     Gold particle with quartz encapsulation, D5 tailing. 
 
 










Andalusite Al2SiO5 3.66 2.70 3.06 19.77 
Anorthite CaAl2Si2O8 0.17 0.44 0.10 0.17 
Clinochlore (Mg,Fe)5Al2Si3O10OH 0.20 0.10 0.07 0.01 
Orthoclase KAlSi3O8 4.09 2.72 4.05 0.38 
Plagioclase (Na,Ca)AlSi3O8 0.21 0.00 0.17 0.00 
Pyrite FeS2 1.37 1.00 2.17 1.71 
Quartz SiO2 90.29 93.04 90.36 77.97 





















Figure B.43     Gold particle with quartz encapsulation, D6 tailing. 
 
 










Andalusite Al2SiO5 2.16 4.19 2.12 4.02 
Anorthite CaAl2Si2O8 0.09 0.39 0.16 0.24 
Clinochlore (Mg,Fe)5Al2Si3O10OH 0.05 0.29 0.05 0.04 
Orthoclase KAlSi3O8 2.62 2.35 4.62 0.61 
Plagioclase (Na,Ca)AlSi3O8 0.13 0.00 0.26 0.00 
Pyrite FeS2 1.16 1.02 3.07 2.28 
Quartz SiO2 93.79 91.76 89.66 92.81 
















Figure B.47     Gold particle with quartz encapsulation, D7 tailing. 
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Andalusite Al2SiO5 1.99 4.19 3.45 11.13 
Anorthite CaAl2Si2O8 0.05 0.17 0.07 0.44 
Clinochlore (Mg,Fe)5Al2Si3O10OH 0.06 0.04 0.07 0.16 
Orthoclase KAlSi3O8 2.91 0.50 2.65 4.25 
Plagioclase (Na,Ca)AlSi3O8 0.15 0.00 0.26 0.00 
Pyrite FeS2 1.08 1.95 1.30 3.18 
Quartz SiO2 93.75 92.43 92.19 80.83 



































 This appendix details the samples as described by X-Ray fluorescense (XRF) analysis. A 
grab sample from each size fraction was mixed in a 5:95 ratio with borates from SPEX Sample 
Prep. 
C.1 Bucket Samples XRF 
Table C.1     XRF Data of B1 by weight percent in Tyler mesh size fractions 
Heads Tailing 
 +100 +200 +325 +400 -400  +100 +200 +325 +400 -400 
Ag 0.07 0.06 0.04 0.04 0.05 Ag 0.03 0.04 0.07 0.06 0.05 
Ar  0.02  0.02 0.03 Ar 0.02 0.03   0.03 
As 0.36 0.33 0.47 0.49 0.45 As 0.39 0.28 0.48 0.36 0.39 
Au 0.03 0.05  0.07 0.07 Au 0.02 0.04 0.04 0.08 0.06 
Ba 0.42 0.56 0.52 0.50 0.49 Ba 0.50 0.58 0.38 0.58 0.56 
Ca 0.21 0.19 0.21 0.21 0.25 Ca 0.17 0.22 0.21 0.44 0.37 
Ce 0.05    0.10 Ce      
Cl 0.03 0.02 0.11  0.06 Cl 0.04 0.05 0.03 0.04 0.07 
Co 0.011 0.01    Co 0.01     
Cr 0.02 0.01 0.01 0.02 0.04 Cr 0.01 0.02 0.01 0.01 0.03 
Cs 0.32 0.36 0.38 0.34 0.35 Cs 0.36 0.41 0.28 0.39 0.39 
Cu 0.03 0.03 0.03 0.05 0.07 Cu 0.01 0.03 0.03 0.04 0.42 
Eu  0.01  0.02  Eu  0.02  0.02  
Fe 1.90 2.45 3.35 4.47 5.48 Fe 1.77 2.44 3.21 5.91 5.52 
Gd      Gd     0.02 
Ge    0.01  Ge     0.01 
I 0.15 0.20 0.21 0.20 0.20 I 0.20 0.22 0.11 0.19 0.21 
K 1.01 1.12 1.38 1.46 2.60 K 0.92 1.17 1.30 2.74 1.68 
La     0.01 La     0.02 
Lu    0.02 0.02 Lu      
Mg   0.04 0.04 0.16 Mg  0.02  0.16 0.07 
Mn 0.02 0.03 0.02 0.03 0.03 Mn 0.01 0.02 0.02 0.03 0.03 
Na   0.36  0.43 Na  0.08  0.08 0.14 
Nd 0.06    0.06 Nd 0.02 0.04    
Ni 0.03 0.02 0.02 0.02 0.03 Ni 0.02 0.02 0.02 0.03 0.03 
P   0.05 0.06  P  0.07 0.07   
Pr 0.05    0.03 Pr    0.04 0.03 
Pt 0.04 0.07  0.04 0.06 Pt 0.03 0.07 0.02 0.09 0.07 
Px 0.05 0.05   0.05 Px 0.04   0.04 0.07 
Ru    0.03  Ru      
Si 33.76 33.09 32.02 30.90 29.22 Si 33.95 32.88 32.69 29.13 29.35 
Sr      Sr     0.05 
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Table C.1     Continued 
 Heads  Tailings 
 +100 +200 +325 +400 -400  +100 +200 +325 +400 -400 
Sx 0.68 0.88 1.11 1.50 1.29 Sx 0.71 0.91 1.01 1.28 1.59 
Tb    0.01  Tb      
Te  0.10 0.10 0.10 0.06 Te 0.07 0.09  0.07 0.07 
Ti 0.10 0.11 0.12 0.11 0.17 Ti 0.09 0.10 0.11 0.17 0.14 
Tm 0.02    0.01 Tm      
V 0.04 0.01  0.02 0.04 V 0.02 0.04 0.01 0.02  
W 0.39 0.35    W 0.39 0.38 0.03  0.03 
Yb 0.02   0.02 0.03 Yb  0.02    
Zn 0.01 0.02 0.01 0.02 0.04 Zn  0.01 0.03 0.04 0.12 
Zr      Zr   0.02   
 
Table C.2     XRF Data of B2 by weight percent in Tyler mesh size fractions 
Heads Tailings 
 +100 +200 +325 +400 -400  +100 +200 +325 +400 -400 
Ag 0.03 0.04 0.04 0.04 0.06 Ag 0.06 0.04 0.05 0.03 0.06 
Ar 0.04  0.03  0.03 Ar   0.05 0.03 0.04 
As 0.36 0.44 0.48 0.44 0.42 As 0.27 0.41 0.50 0.33 0.42 
Au 0.03 0.05 0.05 0.04 0.06 Au 0.05 0.04 0.04 0.07 0.06 
Ba 0.56 0.55 0.52 0.55 0.52 Ba 0.37 0.57 0.56 0.51 0.50 
Br      Br 19.94     
Ca 0.22 0.18 0.21 0.31 0.24 Ca 0.21 0.22 0.22 0.44 0.34 
Ce 0.07 0.07  0.06 0.12 Ce 0.04 0.10  0.10 0.09 
Cl  0.06  0.02 0.02 Cl 0.21 0.02  0.02  
Co      Co 0.01     
Cr 0.02 0.02 0.03 0.04 0.03 Cr 0.02 0.02 0.02 0.03 0.03 
Cs 0.37 0.36 0.37 0.35 0.34 Cs 0.25 0.36 0.40 0.37 0.34 
Cu 0.03 0.02 0.03 0.08 0.06 Cu 0.02 0.03 0.03 0.04 0.15 
Dy      Dy  0.04    
Eu 0.02 2.54 0.01 0.02  Eu  0.02 0.03 0.02  
Fe 1.97 0.19 3.35 4.39 5.95 Fe 1.63 2.46 3.45 5.72 5.99 
Ho      Ho 0.03 0.02 0.03   
I 0.21 1.22 0.20 0.22 0.22 I 0.15 0.18 0.20 0.22 0.20 
K 1.02  1.44 1.55 2.71 K 1.02 1.20 1.37 2.74 1.91 
La     0.02 La      
Lu 0.01     Lu  0.03 0.02   
Mg   0.04 0.03 0.17 Mg 0.02  0.03 0.17 0.09 
Mn 0.02 0.04 0.03 0.02 0.04 Mn 0.02 0.03 0.04 0.04 0.03 
Na      Na 0.41   0.06  
Nd 0.07 0.07 0.04 0.12 0.07 Nd 0.06 0.04  0.04 0.05 
Ni 0.03 0.01 0.02 0.03 0.03 Ni 0.03 0.02 0.03 0.03 0.03 
P 0.06 0.08    P  0.05 0.05   
Pr 0.04 0.06  0.04 0.07 Pr 0.02 0.03   0.04 
Pt 0.04 0.04 0.03 0.05 0.07 Pt 0.04 0.03  0.06 0.06 
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Table C.2     Continued 
 Heads  Tailings 
 +100 +200 +325 +400 -400  +100 +200 +325 +400 -400 
Px   0.06 0.11 0.06 Px 0.05 32.8  0.05 0.06 
Ru      Ru   0.03 0.02  
Si 33.6 32.67 31.98 30.54 29.01 Si 33.35  31.97 29.09 29.33 
Sm      Sm 0.018     
Sr    0.018  Sr    0.02  
Sx 0.65 0.96 1.22 1.38 1.34 Sx 0.671  1.19 1.36 1.45 
Ta    0.03  Ta     0.02 
Te 0.09 0.09 0.09 0.09 0.08 Te  0.09 0.10 0.12 0.08 
Ti 0.11 0.12 0.11 0.13 0.17 Ti 0.09 0.11 0.11 0.17 0.16 
V 0.04 0.04 0.04 0.04 0.05 V 0.04 0.04 0.02 0.05 0.04 
W 0.41 0.45  0.29  W 0.34 0.38   0.03 
Yb    0.02 0.02 Yb 0.02 0.02    
Zn 0.01 0.02  0.04 0.03 Zn  0.02 0.01 0.03 0.07 
Zr     0.02 Zr      
 
Table C.3     XRF data of B3 by weight percent in Tyler mesh size fractions 
 Heads  Tailings 
 +100 +200 +325 +400 -400  +100 +200 +325 +400 -400 
Ag 0.03 0.06 0.04 0.06 0.04 Ag 0.04 0.05 0.04 0.05 0.05 
Ar  0.04 0.04 0.03  Ar 0.03     
As 0.35 0.38 0.47 0.50 0.41 As 0.38 0.39 0.39 0.45 0.53 
Au 0.04 0.05 0.06 0.04 0.04 Au 0.03 0.05 0.07 0.05 0.08 
Ba 0.56 0.56 0.58 0.57 0.51 Ba 0.55 0.55 0.51 0.53 0.54 
Ca 0.22 0.21 0.20 0.21 0.27 Ca 0.24 0.26 0.25 0.44 0.41 
Ce   0.08   Ce   0.04 0.08  
Cl 0.03 0.05 0.07 0.03 0.05 Cl 0.03 0.05 0.04 0.03 0.03 
Co 0.01     Co 0.01     
Cr 0.02 0.01 0.02 0.02 0.02 Cr 0.02 0.01 0.03 0.03 0.02 
Cs 0.40 0.38 0.41 0.35 0.40 Cs 0.39 0.39 0.37 0.38 0.37 
Cu 0.03 0.02 0.02 0.06 0.05 Cu 0.02 0.03 0.03 0.04 0.10 
Dy 0.03 0.03    Dy    0.05  
Eu 0.02 0.03   0.02 Eu 0.03   0.01 0.02 
Fe 2.28 2.61 2.77 4.1 6.36 Fe 2.15 2.49 3.12 5.47 5.52 
Gd      Gd     0.02 
Ge      Ge     0.01 
Ho 0.03     Ho    0.05  
I 0.20 0.22 0.26 0.21 0.20 I 0.21 0.25 0.21 0.20 0.22 
K 1.02 1.11 1.2 1.33 2.63 K 1.03 1.12 1.21 2.23 1.9 
Lu 0.02     Lu  0.03  0.03  
Mg 0.03   0.03 0.11 Mg   0.04 0.10 0.07 
Mn 0.03 0.02 0.03 0.03 0.05 Mn 0.03 0.03 0.03 0.05 0.04 
Na 0.06 0.06 0.31   Na 0.12 0.07    
Nd   0.05   Nd   0.06 0.05  
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Table C.3     Continued 
 Heads  Tailings 
 +100 +200 +325 +400 -400  +100 +200 +325 +400 -400 
Ni 0.04 0.02 0.02 0.02 0.03 Ni 0.02 0.03 0.02 0.03 0.02 
P   0.07 0.02 0.08 P   0.06  0.06 
Pr  0.04 0.05   Pr 0.05 0.03 0.02   
Pt 0.05 0.07 0.02 0.02 0.04 Pt 0.03 0.06 0.05 0.07 0.05 
Px 0.06 0.05    Px 0.05 0.06  0.06  
Rb     0.01 Rb      
Ru      Ru  0.03    
Si 33.27 32.93 32.48 31.37 29.14 Si 33.35 32.97 32.51 29.7 29.65 
Sr   0.01  0.02 Sr 0.02     
Sx 0.72 0.80 0.97 1.38 1.27 Sx 0.71 0.75 1.02 1.22 1.53 
Ta   0.02   Ta      
Te 0.09 0.08 0.11 0.11 0.08 Te 0.08 0.11 0.08 0.10 0.09 
Ti 0.10 0.10 0.10 0.12 0.16 Ti 0.10 0.10 0.10 0.15 0.15 
V   0.04 0.01  V   0.03 0.04 0.01 
W 0.42 0.38  0.02  W 0.43 0.41 0.02   
Yb 0.03     Yb  0.03  0.02  
Zn 0.01 0.01 0.02 0.02 0.04 Zn 0.01 0.02  0.03 0.04 
Zr     0.02 Zr    0.02  
 
Table C.4     XRF data of B4 by weight percent in Tyler mesh size fractions 
 Heads  Tailing 
 +100 +200 +325 +400 -400  +100 +200 +325 +400 -400 
Ag 0.04 0.06 0.04 0.03 0.05 Ag 0.07 0.03 0.05 0.05 0.06 





    
As 0.42 0.42 0.52 0.52 0.45 As 0.43 0.48 0.49 0.54 0.48 
Au 0.06 0.06 0.05 0.05 0.07 Au 0.06 0.05 0.06 0.07 0.03 
Ba 0.54 0.56 0.56 0.52 0.20 Ba 0.55 0.42 0.59 0.52 0.58 





0.04 0.05 Ce 
 
0.05 0.07 0.04 0.05 
Cl 0.03 0.03 0.12 0.05 0.09 Cl 0.06 0.04 0.04 0.05 
 
Co 0.00 
    
Co 
     
Cr 0.01 0.02 0.01 0.02 0.03 Cr 0.02 0.02 0.02 0.02 0.02 
Cs 0.37 0.37 0.37 0.38 0.10 Cs 0.40 0.27 0.37 0.39 0.37 




   
Dy 0.03 
    
Eu 





Fe 2.56 2.24 3.03 3.58 5.15 Fe 2.31 2.70 2.27 5.83 5.47 
Gd 
     
Gd 








   
I 0.21 0.23 0.21 0.21 0.06 I 0.23 0.14 0.24 0.22 0.23 
K 0.99 0.99 1.34 1.32 2.22 K 1.09 1.19 1.14 2.06 1.87 
La 
    
0.02 La 
    
0.01 
Lu 0.02 0.02 





Table C.4     Continued 
 Heads  Tailings 
 +100 +200 +325 +400 -400  +100 +200 +325 +400 -400 
Mg 0.02 
   
0.10 Mg 
   
0.09 0.10 
Mn 0.02 0.01 0.02 0.03 0.04 Mn 0.03 0.02 0.03 0.04 0.03 
Na 
  
0.47 0.32 0.45 Na 0.10 0.08 0.08 0.11 0.32 
Nd 0.03 0.05 
 
0.06 0.06 Nd 0.05 0.05 0.07 0.05 0.04 




























      




0.00 0.00 0.00 0.00 






     
Sx 0.70 0.59 1.12 1.35 1.31 Sx 0.68 1.06 0.80 1.12 1.18 




0.10 0.08 0.11 
Ti 0.11 0.08 0.10 0.11 0.17 Ti 0.10 0.10 0.09 0.14 0.15 
V 0.01 0.04 
 
0.04 0.04 V 0.03 0.04 0.05 0.03 0.03 
W 0.32 0.55 0.23 
  
W 0.35 0.23 0.28 0.14 0.02 
Yb 
   
0.01 0.03 Yb 0.04 0.03 0.02 
  






     
 
Table C.5     XRF data of B5 by weight percent in Tyler mesh size fractions 
 Heads  Tailings 
 +200 +325 +400 -400   +200 +325 +400 -400 
Ag 0.07 0.06 0.02 0.05  Ag 0.06 0.06 0.05 0.07 
Ar  0.02 0.02   Ar 0.02 0.02 0.02  
As 0.35 0.48 0.47 0.44  As 0.40 0.46 0.48 0.52 
Au 0.04 0.04 0.05 0.06  Au 0.06 0.05 0.06 0.04 
Ba 0.59 0.50 0.49 0.56  Ba 0.22 0.53 0.57 0.20 
Ca 0.21 0.20 0.20 0.22  Ca 0.29 0.27 0.44 0.43 
Ce 0.06 0.05 0.04 0.09  Ce   0.09  
Cl 0.05  0.03 0.04  Cl 0.04 0.03 0.03 0.02 
Cr 0.03 0.02 0.02 0.03  Cr 0.01 0.01 0.03 0.01 
Cs 0.38 0.40 0.35 0.39  Cs 0.08 0.39 0.41 0.10 
Cu 0.03 0.03 0.05 0.06  Cu 0.02 0.03 0.05 0.11 
Dy    0.03  Dy     
Eu  0.02    Eu 0.02 0.02  0.01 
Fe 2.74 2.89 3.81 5.78  Fe 2.59 3.34 5.78 5.65 
I 0.22 0.23 0.22 0.20  I  0.19 0.23  
K 1.03 1.19 1.31 2.06  K 1.15 1.30 2.04 1.73 
La      La 0.02   0.02 
Lu 0.02     Lu     
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Table C.5     Continued 
 Heads   Tailings 
 +200 +325 +400 -400   +200 +325 +400 -400 
Mg   0.02 0.12  Mg 0.02 0.03 0.06 0.09 
Mn 0.03 0.03 0.02 0.04  Mn 0.03 0.03 0.05 0.04 
Na   0.06 0.40  Na    0.31 
Nd 0.04 0.03 0.03 0.05  Nd   0.05  
Ni 0.03 0.02 0.02 0.02  Ni 0.02 0.02 0.03 0.02 
P 0.07     P  0.06  0.08 
Pd      Pd  0.02  0.03 
Pr    0.05  Pr   0.05  
Pt 0.05 0.03  0.03  Pt 0.04 0.03 0.05 0.03 
Px  0.06 0.05 0.05  Px 0.05  0.05  
Si 33.06 32.66 31.72 29.5  Si 33.58 32.3 29.51 29.73 
Sr      Sr   0.01  
Sx 0.70 1.01 1.24 1.23  Sx 0.70 1.04 1.28 1.66 
Te 0.11 0.08 0.08 0.09  Te  0.10 0.11  
Ti 0.10 0.11 0.11 0.15  Ti 0.11 0.11 0.15 0.17 
V 0.04 0.04 0.03 0.04  V 0.01 0.01 0.04 0.02 
W 0.29 0.021    W 0.24  0.02 0.02 
Yb   0.03   Yb 0.03    
Zn 0.01 0.01 0.02 0.03  Zn 0.01 0.01 0.02 0.04 
Zr      Zr   0.02 0.02 
 
Table C.6     XRF data of B6 by weight percent in Tyler mesh size fractions 
 Heads   Tailings 
 +200 +325 +400 -400   +200 +325 +400 -400 
Ag 0.04 0.04 0.04 0.07  Ag 0.06 0.03 0.05 0.05 
Ar 0.04     Ar    0.03 
As 0.26 0.45 0.49 0.36  As 0.26 0.49 0.39 0.43 
Au 0.05 0.03 0.06 0.07  Au 0.05 0.06 0.07 0.06 
Ba 0.65 0.53 0.42 0.41  Ba 0.43 0.55 0.54 0.56 
Ca 0.23 0.21 0.20 0.25  Ca 0.30 0.25 0.39 0.40 
Ce 0.12   0.04  Ce  0.05   
Cl 0.04 0.12 0.03 0.06  Cl 0.08 0.08  0.05 
Cr 0.03  0.01 0.02  Cr 0.02 0.01 0.02 0.01 
Cs 0.44 0.37 0.28 0.23  Cs 0.30 0.38 0.38 0.44 
Cu 0.03 0.03 0.05 0.06  Cu 0.02 0.03 0.03 0.06 
Dy      Dy    0.03 
Fe 2.55 2.82 3.80 5.90  Fe 2.47 2.98 5.36 5.94 
Ge      Ge  0.01   
Ho 0.03     Ho    0.03 
I 0.24 0.22 0.14 0.12  I 0.14 0.23 0.21 0.23 
K 1.08 1.22 1.37 2.29  K 1.13 1.25 2.06 1.96 
La      La 0.02    
Lu      Lu    0.03 
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Table C.6     Continued 
 Heads   Tailings 
 +200 +325 +400 -400   +200 +325 +400 -400 
Mg 0.02  0.02 0.12  Mg   0.09 0.07 
Mn 0.02 0.02 0.02 0.04  Mn 0.02 0.02 0.03 0.04 
Na  0.05  0.32  Na     
Nd 0.05   0.02  Nd  0.04 0.04  
Ni 0.03 0.02 0.02 0.01  Ni 0.03 0.02 0.02 0.04 
P   0.06   P 0.02 0.06   
Pr 0.05     Pr  0.03   
Pt 0.03  0.03 0.06  Pt 0.05 0.03 0.06 0.05 
Px 0.05 0.06  0.06  Px   0.04 0.07 
Sc 0.00 0.00 0.00 0.00  Sc 0.00  0.00 0.00 
Si 32.76 32.80 31.94 29.63  Si 33.48 32.52 30.18 29.22 
Sr    0.01  Sr  0.01   
Sx 0.71 0.98 1.25 1.26  Sx 0.67 1.03 1.18 1.58 
Tb      Tb 0.01    
Te 0.13 0.07    Te  0.10 0.09 0.08 
Ti 0.09 0.10 0.12 0.16  Ti 0.17 0.09 0.15 0.15 
V 0.04 0.01 0.01 0.04  V 0.01 0.03 0.04 0.00 
W 0.30     W 0.31    
Yb 0.03     Yb    0.03 
Zn 0.01 0.01 0.02 0.02  Zn 0.01 0.01 0.02 0.02 
 
Table C.7     XRF data of B7 by weight percent in Tyler mesh size fractions 
 Heads   Tailings 
 +200 +325 +400 -400   +200 +325 +400 -400 
Ag 0.06 0.06 0.04 0.06  Ag 0.05 0.03 0.05 0.05 
Ar 0.03  0.05 0.02  Ar 0.03  0.04  
As 0.37 0.45 0.48 0.39  As 0.41 0.47 0.40 0.51 
Au 0.05 0.05 0.06 0.04  Au 0.05 0.03 0.06 0.05 
Ba 0.55 0.50 0.39 0.43  Ba 0.26 0.50 0.58 0.53 
Ca 0.22 0.20 0.16 0.23  Ca 0.26 0.26 0.47 0.42 
Ce 0.10 0.07 0.08   Ce 0.03  0.08  
Cl 0.10 0.20 0.08 0.07  Cl 0.05 0.04 0.02  
Co 0.01     Co 0.01    
Cr 0.04 0.02 0.02   Cr 0.02 0.01 0.03 0.02 
Cs 0.37 0.36 0.29 0.26  Cs 0.15 0.35 0.38 0.37 
Cu 0.03 0.02 0.05 0.10  Cu 0.03 0.04 0.04 0.09 
Eu  0.02 0.01   Eu  0.01   
Fe 2.18 2.75 3.61 5.66  Fe 2.20 3.24 6.19 6.19 
Gd    0.02  Gd    0.02 
Ho      Ho  0.04  0.03 
I 0.20 0.20 0.12 0.11  I  0.18 0.20 0.24 
K 1.02 1.15 1.14 1.97  K 1.11 1.24 2.18 1.78 
La 0.01     La     
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Table C.7     Continued 
 Heads   Tailings 
 +200 +325 +400 -400   +200 +325 +400 -400 
Lu      Lu  0.02  0.02 
Mg 0.02 0.02 0.03 0.09  Mg 0.03  0.11 0.06 
Mn 0.02 0.03 0.03 0.04  Mn 0.02 0.03 0.05 0.04 
Na 0.31 0.60 0.35 0.38  Na  0.06   
Nd 0.05 0.03 0.06 0.02  Nd 0.07  0.06  
Ni 0.02 0.02 0.02 0.02  Ni 0.02 0.03 0.02 0.03 
P  0.05    P 0.06 0.06 0.06  
Pr  0.02 0.05 0.02  Pr  0.02 0.03  
Pt 0.06 0.01 0.03 0.05  Pt 0.06  0.05 0.04 
Px 0.05  0.06 0.06  Px    0.07 
Ru      Ru  0.02  0.05 
Sc 0.00 0.00  0.00  Sc 0.00 0.00 0.00 0.00 
Si 33.23 32.46 31.90 29.99  Si 33.73 32.37 29.42 29.28 
Sr      Sr 0.02    
Sx 0.61 0.94 1.17 1.22  Sx 0.63 1.08 1.09 1.48 
Tb      Tb 0.01    
Te 0.08 0.09    Te  0.08 0.13 0.07 
Ti 0.10 0.10 0.11 0.14  Ti 0.10 0.10 0.15 0.14 
Tm      Tm   0.02  
V 0.04 0.04 0.04 0.01  V 0.05 0.02 0.04 0.02 
W 0.35  0.02   W 0.42    
Yb    0.01  Yb  0.03 0.03 0.03 
Zn 0.02 0.01 0.02 0.04  Zn 0.01 0.02 0.03  
 
Table C.8     XRF data of B8 by weight percent in Tyler mesh size fractions 
 H   T 
 +200 +325 +400 -400   +200 +325 +400 -400 
Ag  0.04 0.05 0.04  Ag 0.02 0.02 0.03 0.06 
Ar 0.04  0.03 0.05  Ar 0.03 0.05  0.04 
As 0.36 0.47 0.47 0.41  As 0.40 0.47 0.49 0.46 
Au 0.06 0.04 0.04 0.04  Au 0.06 0.04 0.04 0.04 
Ba 0.28 0.48 0.55 0.58  Ba 0.56 0.55 0.56 0.50 
Ca 0.24 0.24 0.16 0.22  Ca 0.25 0.17 0.39 0.40 
Ce   0.06   Ce 0.03 0.09 0.06  
Cl 0.05 0.04 0.03 0.09  Cl 0.05 0.04 0.02 0.03 
Co 0.01     Co     
Cr 0.01 0.01 0.02 0.02  Cr 0.02 0.02 0.02 0.02 
Cs 0.21 0.37 0.41 0.38  Cs 0.40 0.41 0.35 0.35 
Cu 0.03 0.03 0.05 0.09  Cu 0.03 0.04 0.03 0.09 
Eu   0.02 0.02  Eu  0.02 0.01 0.02 
Fe 2.26 2.77 3.80 6.20  Fe 2.23 2.68 4.95 6.06 
Ho      Ho   0.04  
I 0.14 0.19 0.21 0.22  I 0.24 0.19 0.24 0.24 
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Table C.8     Continued 
 Heads   Tailings 
 +200 +325 +400 -400   +200 +325 +400 -400 
K 1.07 1.20 1.15 1.99  K 0.96 1.02 2.09 1.71 
Lu 0.02   0.03  Lu    0.03 
Mg    0.09  Mg   0.09 0.08 
Mn 0.02 0.01 0.03 0.05  Mn 0.02 0.03 0.05 0.04 
Na  0.25  0.32  Na    0.33 
Nd   0.05   Nd 0.03 0.04 0.05  
Ni 0.02 0.02 0.02 0.03  Ni 0.03 0.02 0.03 0.04 
P 0.04     P 0.08    
Pr  0.03 0.04   Pr   0.03  
Pt 0.06 0.04 0.01 0.05  Pt 0.08 0.02 0.03 0.04 
Px  0.05 0.04 0.06  Px  0.05 0.06 0.06 
Rb      Rb   0.01  
Ru    0.03  Ru     
Si 33.55 32.77 31.87 29.35  Si 33.47 32.99 30.20 29.49 
Sr    0.02  Sr  0.02   
Sx 0.80 0.94 1.16 1.23  Sx 0.58 0.92 1.24 1.31 
Te 0.08 0.08 0.10 0.08  Te 0.13 0.10 0.10 0.07 
Ti 0.10 0.10 0.11 0.14  Ti 0.07 0.09 0.14 0.13 
V 0.01 0.02 0.03 0.01  V 0.03 0.04 0.04  
W 0.42   0.02  W 0.45  0.03  
Yb 0.02          
Zn 0.01 0.01 0.01 0.03  Zn 0.01  0.02 0.03 
Zr      Zr    0.02 
 
C.2 Drum Samples XRF 
 
Table C.9     XRF data of D1 by weight percent in Tyler mesh size fractions 
 Heads  Tailings 
 +100 +200 +325 +400 -400  +100 +200 +325 +400 -400 
Ag 0.14 0.18 0.10 0.10 0.10 Ag 0.10 0.08 0.10 0.09 0.15 
Ar  0.03 0.02   Ar   0.03   
As 0.42 0.38 0.38 0.39 0.39 As 0.46 0.40 0.38 0.38 0.36 
Au 0.06 0.06 0.07 0.07 0.06 Au 0.05 0.05 0.09 0.05 0.11 
Ba 0.35 0.60 0.67 0.50 0.67 Ba 0.64 0.56 0.63 0.63 0.23 
Br 36.05 34.43 32.42 35.34 34.53 Br 35.33 34.68 35.32 35.11 32.44 
Ca 0.27 0.26 0.28 0.25 0.29 Ca 0.29 0.29 0.31 0.41 0.62 
Ce  0.07    Ce 0.10    0.13 
Cl 0.04 0.06  0.05 0.03 Cl 0.02 0.08 0.03  0.03 
Co 0.03     Co 0.05     
Cr 0.02 0.02 0.01 0.02 0.02 Cr 0.02  0.01 0.02 0.03 
Cs 0.24 0.53 0.46 0.36 0.48 Cs 0.48 0.47 0.52 0.52 0.20 
Cu 0.03 0.03 0.05 0.05 0.14 Cu 0.02 0.03 0.04 0.14 6.61 
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Table C.9     Continued 
 Heads  Tailings 
 +100 +200 +325 +400 -400  +100 +200 +325 +400 -400 
Eu      Eu   0.02 0.02  
Fe 1.67 2.34 3.57 4.21 5.25 Fe 1.75 2.46 3.34 4.67  
Ga      Ga     0.01 
Gd      Gd   0.01   
Ge    0.01  Ge   0.01  0.01 
Ho 0.03     Ho   0.03   
I 0.22 0.34 0.28 0.16 0.37 I 0.31 0.39 0.30 0.31 0.12 
K 1.04 1.29 1.55 1.62 2.63 K 1.13 1.44 1.64 2.12 3.27 
La      La     0.02 
Lu 0.02     Lu 0.02  0.01   
Mg   0.02 0.01 0.12 Mg  0.01 0.02 0.02 0.11 
Mn 0.02 0.02 0.02 0.02 0.04 Mn 0.03 0.01 0.03 0.04 0.04 
Na 0.06  0.09  0.23 Na    0.10 0.20 
Nd  0.05   0.04 Nd 0.05    0.08 
Ni 0.04 0.03 0.03 0.02 0.03 Ni 0.04 0.03 0.03 0.03 0.03 
P   0.05 0.05  P   0.03   
Pd   0.05   Pd      
Pr  0.03    Pr 0.06  0.03  0.07 
Pt 0.07 0.03 0.06 0.04 0.05 Pt 0.07 0.02 0.07 0.03 0.12 
Px 0.08 0.06   0.08 Px 0.05 0.05  0.05 0.08 
Ru      Ru  0.10  0.06  
Sb      Sb     0.09 
Si 38.84 38.73 39.07 35.84 33.23 Si 38.64 38.43 36.38 33.95 33.20 
Sn      Sn    0.07  
Sr 0.05 0.04 0.05 0.04  Sr      
Sx 0.83 1.08 1.44 1.70 1.81 Sx 0.69 1.10 1.34 1.81 2.11 
Ta      Ta     0.02 
Te  0.17 0.11  0.17 Te 0.16 0.18 0.09 0.15 0.10 
Ti 0.10 0.10 0.13 0.13 0.18 Ti 0.10 0.10 0.13 0.17 0.23 
V 0.01 0.03   0.04 V 0.04 0.01  0.01 0.06 
W 0.26     W 0.28 0.02   0.02 
Yb 0.03     Yb 0.02 0.02 0.02  0.02 
Zn 0.01 0.02 0.02 0.02 0.05 Zn 0.02 0.01 0.02 0.05 0.07 
 
Table C.10     XRF data of D2 by weight percent in Tyler mesh size fractions 
 Heads   Tailings 
 +200 +325 +400 -400   +200 +325 +400 -400 
Ag 0.06 0.16 0.14 0.08  Ag 0.10 0.09 0.08 0.10 
Ar      Ar    0.03 
As 0.40 0.39 0.38 0.39  As 0.42 0.39 0.39 0.35 
Au 0.05 0.04 0.05 0.09  Au 0.06 0.05 0.04 0.06 
Ba 0.38  0.56 0.46  Ba 0.63 0.68 0.58 0.76 





Table C.10     Continued 
 Heads   Tailings 
 +200 +325 +400 -400   +200 +325 +400 -400 
Ca 0.26 0.24 0.28 0.29  Ca 0.32 0.30 0.38 0.65 
Ce 0.04  0.13 0.07  Ce     
Cl 0.02 0.09 0.08 0.03  Cl 0.17 0.05 0.05 0.14 
Co 0.01     Co 0.02    
Cr 0.02 0.01 0.03 0.03  Cr 0.01 0.01 0.02 0.02 
Cs 0.34  0.49 0.31  Cs 0.48 0.51 0.43 0.61 
Cu 0.03 0.04 0.05 0.10  Cu 0.03 0.03 0.03 0.06 
Eu 0.03 0.02    Eu 0.02    
Fe 1.98 2.88 3.75 5.56  Fe 2.28 3.23 4.30 6.77 
Ga    0.01  Ga     
Ge    0.01  Ge     
I 0.22 0.11 0.34 0.22  I 0.33 0.38 0.31 0.41 
Ir    0.02  Ir     
K 1.16 1.38 1.49 2.79  K 1.30 1.47 1.73 3.20 
La  0.02    La     
Lu 0.02     Lu     
Mg    0.08  Mg   0.07 0.16 
Mn 0.02 0.02 0.02 0.04  Mn 0.02 0.02 0.03 0.05 
Na  0.06    Na 0.06 0.07 0.25 0.32 
Nd 0.02  0.06 0.07  Nd     
Ni 0.03 0.04 0.02 0.03  Ni 0.04 0.03 0.03 0.04 
P   0.08 0.08  P 0.08 0.09   
Pr  0.03 0.05 0.05  Pr 0.03   0.03 
Pt 0.05 0.03 0.04 0.09  Pt 0.05  0.02 0.10 
Px 0.07 0.06    Px   0.07 0.03 
Re      Re  0.02 0.02  
Ru 0.12     Ru  0.06  0.10 
Si 39.19 38.44 35.93 32.66  Si 40.30 36.84 35.73 35.30 
Sx 0.93 1.36 1.61 1.72  Sx 1.02 1.30 1.68 1.95 
Te   0.20   Te 0.14 0.14 0.10 0.17 
Ti 0.11 0.13 0.13 0.19  Ti 0.11 0.12 0.13 0.24 
V 0.03 0.01 0.05 0.04  V 0.01 0.01  0.01 
W 0.26 0.02  0.03  W 0.28   0.02 
Yb 0.02     Yb 0.02 0.02 0.02 0.02 
Zn 0.01 0.03 0.03 0.05  Zn 0.02  0.02 0.04 









Table C.11     XRF data of D3 by weight percent in Tyler mesh size fractions 
 Heads   Tailings 
 +200 +325 +400 -400   +200 +325 +400 -400 
Ag 0.08 0.18 0.13 0.08  Ag 0.14 0.21 0.18 0.20 
Ar   0.03   Ar   0.04  
As 0.40 0.40 0.39 0.40  As 0.45 0.37 0.36 0.41 
Au 0.05 0.05 0.05 0.05  Au 0.06 0.10 0.10 0.11 
Ba 0.73 0.70 0.64 0.60  Ba 0.42  0.37 0.74 
Br 32.55 34.30 34.21 34.54  Br 35.81 28.73 32.60 32.92 
Ca 0.27 0.25 0.26 0.29  Ca 0.29 0.36 0.51 0.58 
Ce 0.09 0.05 0.04   Ce  0.12 0.05 0.06 
Cl 0.15  0.15 0.02  Cl   0.06 0.04 
Co 0.01     Co 0.02    
Cr 0.03 0.02 0.03 0.02  Cr 0.01 0.02 0.02 0.03 
Cs 0.53 0.54 0.48 0.47  Cs 0.34  0.36 0.52 
Cu 0.02 0.04 0.05 0.07  Cu 0.03 0.02 0.04 0.05 
Eu  0.01 0.02   Eu 0.02 0.02   
F      F  2.20   
Fe 2.22 3.04 3.84 5.40  Fe 2.24 4.09 4.91 5.86 
Ga      Ga  0.01 0.01 0.01 
Ge      Ge   0.01 0.01 
Hf      Hf  0.03   
Hg      Hg  0.03   
I 0.38 0.35 0.33 0.38  I 0.18 0.15 0.24 0.37 
K 1.22 1.34 1.49 2.83  K 1.34 1.91 2.23 2.71 
Lu 0.02     Lu     
Mg   0.02 0.08  Mg   0.09 0.15 
Mn 0.02 0.01 0.03 0.04  Mn 0.03 0.04 0.02 0.03 
Mo      Mo  0.07   
Na 0.18  0.05   Na   0.27 0.31 
Nb    0.13  Nb  0.07   
Nd 0.05 0.04 0.04   Nd  0.04 0.04 0.04 
Ni 0.03 0.03 0.03 0.03  Ni 0.05  0.04 0.03 
P 0.10     P  0.03 0.05 0.06 
Pd      Pd 0.07 0.10   
Pr 0.07 0.03 0.03 0.03  Pr  0.03  0.04 
Pt 0.08 0.03  0.06  Pt 0.06 0.15 0.09 0.12 
Px  0.05 0.06 0.08  Px 0.07    
Ru 0.06     Ru  0.20   
Si 39.99 37.92 36.58 33.44  Si 38.02 39.59 36.24 33.26 
Sr  0.03    Sr  0.07   
Sx 1.01 1.28 1.67 1.60  Sx 0.92 1.61 1.82 1.85 
Te 0.20 0.10 0.19 0.13  Te    0.13 
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Table C.11     Continued 
 Heads   Tailings 
 +200 +325 +400 -400   +200 +325 +400 -400 
Th      Th  0.27   
Ti 0.10 0.11 0.12 0.19  Ti 0.11 0.17 0.18 0.20 
V 0.04 0.04 0.03 0.02  V 0.01 0.04 0.05 0.04 
W 0.29 0.03  0.02  W 0.29   0.03 
Y      Y    0.04 
Yb 0.02  0.01   Yb     
Zn 0.01 0.02 0.02 0.03  Zn 0.01 0.03 0.02 0.03 
Zr      Zr  0.13  0.04 
 
Table C.12     XRF data of D4 by weight percent in Tyler mesh size fractions 
 H   T 
 +200 +325 +400 -400   +200 +325 +400 -400 
Ag 0.10 0.35 0.10 0.13  Ag 0.09 0.18 0.10 0.14 
Ar      Ar  0.03   
As 0.41  0.39 0.42  As 0.41 0.37 0.40 0.41 
Au 0.06 0.04 0.04 0.07  Au 0.04 0.06 0.05 0.04 
Ba 0.41 0.55 0.64 0.40  Ba 0.67 0.67 0.55 0.60 
Br 35.16 34.78 34.69 34.95  Br 34.41 34.99 34.97 34.75 
Ca 0.24 0.22 0.24 0.28  Ca 0.31 0.35 0.47 0.58 
Ce 0.05     Ce   0.08 0.11 
Cl 0.09 0.10 0.28 0.04  Cl 0.05 0.11 0.07 0.06 
Co 0.02     Co 0.01    
Cr 0.02 0.02 0.02 0.01  Cr  0.02 0.02 0.03 
Cs 0.34 0.44 0.48 0.33  Cs 0.42 0.50 0.43 0.41 
Cu 0.03 0.04 0.04 0.07  Cu 0.03 0.05 0.08 0.09 
Dy   0.03   Dy     
Fe 2.11 3.44 3.86 5.21  Fe 2.14 3.40 4.72 5.72 
Gd      Gd 0.01    
Ho      Ho   0.03  
I 0.22 0.34 0.37 0.21  I 0.29 0.35 0.35 0.29 
K 1.18 1.47 1.51 2.68  K 1.32 1.64 2.02 2.60 
Lu      Lu   0.02  
Mg   0.02 0.11  Mg   0.04 0.08 
Mn 0.02 0.02 0.03 0.03  Mn 0.03 0.01 0.03 0.04 
Na  0.11 0.14 0.26  Na 0.13  0.10  
Nd 0.05     Nd   0.03 0.06 
Ni 0.03 0.04 0.02 0.03  Ni 0.03 0.03 0.03 0.03 
P      P  0.06 0.04  
Pr      Pr    0.06 
Pt 0.07   0.05  Pt 0.05 0.03   
Px 0.06 0.06 0.03 0.08  Px 0.04   0.07 
Ru  0.10    Ru   0.07  
Si 38.89 37.17 36.12 33.63  Si 39.08 36.49 34.14 32.37 
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Table C.12     Continued 
 Heads   Tailings 
 +200 +325 +400 -400   +200 +325 +400 -400 
Sr    0.03  Sx 0.91 1.32 1.74 1.91 
Sx 0.95 1.42 1.63 1.69  Te 0.15 0.17 0.17 0.16 
Te  0.15 0.20   Ti 0.10 0.12 0.15 0.20 
Ti 0.10 0.13 0.12 0.18  V 0.01 0.01 0.04 0.06 
V 0.04  0.01 0.02  W 0.25 0.03  0.02 
W 0.36   0.05  Yb 0.03  0.03 0.04 
Yb  0.03  0.02  Zn 0.01 0.03 0.04 0.06 
Zn 0.01 0.02 0.01 0.04  Zr    0.04 
 
Table C.13     XRF data of D5 by weight percent in Tyler mesh size fractions 
 Heads   Tailings 
 +200 +325 +400 -400   +200 +325 +400 -400 
Ag 0.14 0.13 0.06 0.14  Ag 0.11 0.13 0.11 0.06 
Ar    0.03       
As 0.40 0.36 0.40 0.40  As 0.39 0.38 0.39 0.41 
Au 0.08 0.08 0.04 0.06  Au 0.06 0.05 0.07 0.06 
Ba 0.48 0.72 0.65 0.61  Ba 0.66 0.53 0.66 0.61 
Br 30.76 34.26 34.44 34.32  Br 35.75 34.58 32.74 34.46 
Ca 0.34 0.31 0.24 0.27  Ca 0.32 0.33 0.44 0.50 
Ce   0.09 0.08  Ce  0.10 0.07 0.11 
Cl 0.12 0.09 0.07 0.08  Cl 0.07 0.08 0.05 0.08 
Co 0.01     Co     
Cr 0.02 0.01 0.02 0.03  Cr 0.02 0.02 0.04 0.03 
Cs 0.41 0.43 0.52 0.51  Cs 0.57 0.46 0.53 0.46 
Cu 0.03 0.04 0.03 0.05  Cu 0.03 0.04 0.08 0.07 
Dy      Dy 0.02    
Eu  0.02  0.02  Eu  0.02   
Fe 2.53 3.36 3.51 5.26  Fe 2.46 3.21 4.87 5.13 
Gd      Gd 0.02    
I 0.20 0.31 0.38 0.34  I 0.40 0.36 0.38 0.31 
K 1.29 1.50 1.41 2.55  K 1.31 1.57 2.03 2.22 
Mg  0.02  0.06  Mg  0.01 0.04 0.05 
Mn 0.02 0.02 0.02 0.04  Mn 0.03 0.03 0.04 0.04 
Na    0.04  Na   0.05 0.10 
Nd   0.04 0.06  Nd 0.05 0.05 0.08 0.05 
Ni 0.04 0.03 0.03 0.03  Ni 0.04 0.03 0.03 0.04 
P 0.09     P 0.07   0.05 
Pr 0.03  0.04 0.04  Pr  0.04 0.08 0.08 
Pt 0.11 0.05  0.05  Pt 0.07 0.05 0.05 0.03 
Px  0.06 0.07 0.07  Px  0.06 0.07  
Ru      Ru 0.05    
Sc 0.00 0.00  0.00  Sc 0.00 0.00 0.00 0.00 
Si 42.40 37.53 37.14 34.00  Si 37.11 37.31 36.13 33.97 
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Table C.13     Continued 
 Heads   Tailings 
 +200 +325 +400 -400   +200 +325 +400 -400 
Sr      Sr    0.04 
Sx 0.94 1.31 1.44 1.50  Sx 0.82 1.21 1.63 1.61 
Te  0.20 0.17 0.11  Te 0.18 0.12 0.14 0.15 
Ti 0.12 0.12 0.12 0.16  Ti 0.09 0.12 0.16 0.18 
Tm      Tm  0.02   
V 0.01 0.02 0.04 0.04  V 0.03 0.04 0.05 0.04 
W 0.39 0.02    W 0.23 0.03  0.02 
Y    0.04  Y    0.03 
Yb 0.03     Yb 0.02 0.01   
Zn 0.01 0.02 0.02 0.03  Zn 0.02 0.02 0.03 0.04 
 
Table C.14     XRF data of D6 by weight percent in Tyler mesh size fractions 
 Heads   Tailings 
 +200 +325 +400 -400   +200 +325 +400 -400 
Ag 0.11 0.17 0.09 0.09  Ag 0.18 0.08 0.13 0.07 
Ar  0.03 0.03 0.03  Ar  0.02  0.03 
As 0.41 0.37 0.36 0.37  As 0.41 0.40 0.41 0.34 
Au 0.04 0.07 0.01 0.05  Au 0.07 0.07 0.08 0.06 
Ba 0.69 0.63  0.73  Ba 0.48 0.63 0.63 0.71 
Br 34.62 29.12 34.65 31.96  Br 34.58 34.95 33.87 32.90 
Ca 0.24 0.22 0.25 0.29  Ca 0.31 0.33 0.39 0.25 
Ce  0.08 0.05 0.09  Ce   0.05 0.08 
Cl 0.10 0.10 0.29 0.09  Cl 0.12 0.10 0.12 0.08 
Co 0.01     Co 0.01    
Cr 0.01 0.02 0.02 0.04  Cr 0.01 0.02 0.02 0.03 
Cs 0.51 0.54  0.54  Cs 0.42 0.43 0.53 0.47 
Cu 0.03 0.03 0.03 0.05  Cu 0.03 0.04 0.21 0.03 
Er 0.01     Er     
Eu    0.03  Er     
Fe 2.28 3.90 3.24 5.70  Fe 2.12 3.44 4.24 2.99 
Ge      Ge  0.01   
Ho 0.04     Ho     
I 0.33 0.35  0.38  I 0.37 0.32 0.35 0.33 
K 1.18 1.44 1.52 2.76  K 1.29 1.58 1.84 1.36 
La   0.02   La     
Lu      Lu   0.02  
Mg 0.02 0.02  0.09  Mg  0.02 0.07  
Mn  0.02 0.03 0.04  Mn 0.03 0.03 0.03 0.03 
Na  0.10    Na 0.16  0.23 0.03 
Nd  0.07 0.04 0.06  Nd  0.02 0.03 0.06 
Ni 0.03 0.04 0.03 0.03  Ni 0.04 0.02 0.03 0.02 
P      P 0.08 0.02   
Pr   0.04   Pr    0.05 
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Table C.14     Continued 
 Heads   Tailings 
 +200 +325 +400 -400   +200 +325 +400 -400 
Pt 0.04 0.08  0.04  Pt 0.07 0.05 0.04 0.03 
Px 0.03 0.07 0.07 0.06  Px   0.06 0.06 
Ru    0.10  Ru 0.06  0.08  
Si 38.74 41.61 38.66 35.30  Si 38.83 36.74 35.61 39.40 
Sr  0.04    Sr     
Sx 0.96 1.50 1.40 1.68  Sx 0.85 1.34 1.53 1.31 
Tb      Tb  0.01   
Te 0.14 0.17  0.16  Te 0.12 0.13 0.14 0.13 
Ti 0.11 0.13 0.13 0.17  Ti 0.10 0.12 0.15 0.11 
V 0.01 0.05 0.04 0.05  V 0.02 0.04 0.04 0.05 
W 0.27     W 0.25  0.02  
Yb 0.02     Yb     
Zn 0.02 0.02 0.01 0.03  Zn 0.02 0.02 0.07 0.02 
 
Table C.15     XRF data of D7 by weight percent in Tyler mesh size fractions 
 Heads   Tailings 
 +200 +325 +400 -400   +325 +400 -400 
Ag 0.12 0.17 0.15 0.13  Ag 0.06 0.09 0.14 
As 0.39 0.42 0.40 0.42  As 0.39 0.39 0.32 
Au 0.03 0.04 0.05 0.05  Au 0.06 0.06 0.10 
Ba 0.62 0.64 0.60 0.61  Ba 0.61 0.18 0.84 
Br 34.34 35.00 33.51 34.81  Br 35.04 34.79 26.99 
Ca 0.29 0.49 0.24 0.27  Ca 0.30 0.38 0.29 
Ce 0.03  0.03 0.06  Ce   0.08 
Cl 0.07 0.03 0.21 0.08  Cl 0.05 0.04 0.05 
Cr 0.03 0.01 0.02 0.02  Cr 0.01 0.03 0.03 
Cs 0.54 0.52 0.50 0.43  Cs 0.53  0.52 
Cu 0.03 0.09 0.02 0.05  Cu 0.05 0.09 0.03 
Eu    0.02  Eu 0.03 0.02  
Fe 2.36 4.94 3.26 4.83  Fe 3.06 4.14 3.63 
Ho  0.03 0.04   Ho    
I 0.33 0.29 0.39 0.28  I 0.35  0.42 
K 1.16 2.39 1.39 2.30  K 1.47 1.79 1.54 
La      La  0.03  
Lu   0.02   Lu    
Mg  0.06 0.02 0.06  Mg 0.01   
Mn 0.02 0.03 0.03 0.04  Mn 0.03 0.02 0.03 
Na   0.13   Na   0.16 
Nd 0.07  0.03 0.05  Nd   0.08 
Ni 0.05 0.03 0.03 0.03  Ni 0.03 0.03 0.03 
P 0.08  0.08   P  0.07 0.07 
Pr      Pr  0.03 0.07 
Pt  0.05 0.05   Pt  0.04 0.14 
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Table C.15     Continued 
 Heads   Tailings 
 +200 +325 +400 -400   +325 +400 -400 
Px  0.06  0.02  Px 0.05   
Ru    0.09  Ru 0.09   
Si 39.07 33.81 38.00 34.49  Si 37.37 36.79 43.62 
Sr      Sr  0.03  
Sx 0.80 1.44 1.45 1.48  Sx 1.13 1.66 1.46 
Ta  0.03    Ta  0.03  
Tb      Tb 0.01   
Te 0.14 0.12 0.18 0.13  Te 0.09  0.17 
Ti 0.09 0.16 0.11 0.16  Ti 0.11 0.16 0.14 
V 0.04 0.01 0.03 0.04  V 0.01 0.03 0.05 
W 0.30 0.06    W    
Y      Y  0.04  
Yb   0.02 0.02  Yb 0.02 0.02  
Zn 0.01 0.05 0.01 0.03  Zn 0.03 0.03 0.01 
 
Table C.16     XRF data of D8 by weight percent in Tyler mesh size fractions 
 Heads   Tailings 
 +325 +400 -400   +200 +325 +400 -400 
Ag 0.16 0.17 0.14  Ag 0.16 0.10 0.13 0.11 
Ar 0.03    Ar     
As 0.37 0.40 0.38  As 0.40 0.39 0.38 0.36 
Au 0.04 0.07 0.06  Au 0.05 0.07 0.04 0.06 
Ba 0.69    Ba 0.59 0.42 0.58 0.70 
Br 34.22 34.25 34.85  Br 35.33 34.61 33.80 29.21 
Ca 0.26 0.17 0.29  Ca 0.36 0.37 0.41 0.60 
Ce 0.06  0.04  Ce 0.03 0.03  0.08 
Cl 0.06  0.06  Cl 0.06 0.07 0.11 0.06 
Cr 0.02  0.03  Cr 0.03 0.02 0.01 0.02 
Cs 0.52    Cs 0.41 0.31 0.48 0.55 
Cu 0.03 0.02 0.05  Cu 0.03 0.03 0.03 0.04 
Eu     Eu    0.02 
F  1.67   F     
Fe 2.65 3.61 5.69  Fe 3.44 3.76 4.61 6.25 
Ga  0.01   Ga     
Hf  0.03   Hf     
Hg  0.02   Hg     
I 0.34  0.13  I 0.33 0.24 0.32 0.38 
K 1.27 1.53 2.67  K 1.57 1.66 1.73 2.79 
Lu  0.01   Lu     
Mg   0.08  Mg  0.02 0.03 0.07 
Mn 0.03 0.02 0.04  Mn 0.04 0.03 0.03 0.05 
Mo  0.10   Mo     
Na 0.17    Na 0.08 0.05 0.08  
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Table C.16     Continued 
 Heads   Tailings 
 +325 +400 -400   +200 +325 +400 -400 
Nb  0.07   Nb     
Nd 0.04  0.05  Nd 0.02 0.04  0.07 
Ni 0.03 0.01 0.03  Ni 0.03 0.03 0.03 0.04 
P 0.08 0.03 0.06  P 0.07   0.09 
Pd  0.08   Pd 0.07    
Pr 0.04  0.04  Pr     
Pt 0.03 0.08 0.06  Pt 0.05 0.05 0.04  
Px     Px  0.06 0.07  
Ru  0.26   Ru     
Si 38.53 36.37 34.47  Si 36.29 37.08 36.12 37.26 
Sx 1.01 1.44 1.49  Sx 1.09 1.35 1.68 1.68 
Te 0.15    Te 0.15  0.13 0.15 
Th  0.28   Th     
Ti 0.10 0.13 0.19  Ti 0.12 0.14 0.13 0.20 
V 0.04 0.01 0.05  V 0.04 0.04 0.01 0.05 
W 0.02    W 0.17   0.03 
Y   0.04  Y    0.05 
Yb 0.01 0.02   Yb  0.01  0.02 
Zn 0.02 0.04 0.03  Zn 0.01 0.01 0.02 0.03 







FIRE ASSAY, TOTAL SULFUR AND TOTAL CARBON 
 
Table D.1     Fire assay bucket materials data 
Sample ID AuFAA, ppm C Total, % S Total, % 
-10 mesh Bucket 8.387 0.03 1.3 
B4 H  +100 9.247 0.05 0.79 
B4 H  -100 +200 7.888 0.03 0.94 
B4 H  -200 +325 8.122 0.04 1.32 
B4 H  -325 +400 7.904 0.04 1.85 
B4 H  -400 10.281 0.08 1.91 
B8 H  +200 8.37 0.04 0.69 
B8 H  -200 +325 7.722 0.04 1.15 
B8 H  -325 +400 7.507 0.04 1.68 
B8 H  -400 9.447 0.09 1.76 
B2 H  +100 8.605 0.02 0.85 
B2 H  -100 +200 7.799 0.02 1.24 
B2 H  -200 +325 7.785 0.03 1.67 
B2 H  -325 +400 8.743 0.04 2.25 
B2 H  -400 10.416 0.07 2.21 
B3 H  +100 8.286 0.03 0.81 
B3 H  -100 +200 7.574 0.03 1 
B3 H  -200 +325 7.495 0.04 1.32 
B3 H  -325 +400 9.368 0.06 2.03 
B3 H  -400 10.038 0.13 1.82 
B1 H  +100 8.915 0.03 0.85 
B1 H  -100 +200 8.239 0.04 1.21 
B1 H  -200 +325 7.55 0.09 1.72 
B1 H  -325 +400 8.987 0.17 2.4 
B1 H  -400 9.955 0.13 2.07 
B7 H  +200 8.059 0.07 0.69 
B7 H  -200 +325 7.973 0.04 1.17 
B7 H  -325 +400 7.915 0.08 1.68 
B7 H  -400 9.971 0.11 1.78 
B5 H  +200 9.359 0.09 0.87 
B5 H  -200 +325 8.005 0.04 1.28 
B5 H  -325 +400 8.246 0.05 1.82 
B5 H  -400 10.322 0.08 1.86 
B6 H  +200 8.825 0.04 0.89 
B6 H  -200 +325 7.829 0.05 1.26 
B6 H  -325 +400 8.101 0.05 1.77 
B6 H  -400 10.747 0.08 1.94 
B4 T  +100 3.93 0.13 0.79 
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Table D.1     Continued 
Sample ID AuFAA, ppm C Total, % S Total, % 
B4 T  -100 +200 2.357 0.07 0.95 
B4 T  -200 +325 1.54 0.08 1.34 
B4 T  -325 +400 0.94 0.16 1.55 
B4 T  -400 0.971 0.22 2.08 
B8 T  +200 4.156 0.06 0.91 
B8 T  -325 +400 1.02 0.17 1.68 
B8 T  -400 0.986 0.15 2.27 
B2 T  +100 2.487 0.07 0.65 
B2 T  -100 +200 2.544 0.04 1.19 
B2 T  -200 +325 1.654 0.04 1.74 
B2 T  -325 +400 1.225 0.17 1.92 
B2 T  -400 1.342 0.14 2.95 
B3 T  +100 4.241 0.05 0.83 
B3 T  -100 +200 2.399 0.04 0.96 
B3 T  -200 +325 1.6 0.04 1.35 
B3 T  -325 +400 1.022 0.16 1.77 
B3 T  -400 1.087 0.17 2.15 
B1 T  +100 4.066 0.04 0.84 
B1 T  -100 +200 2.754 0.05 1.25 
B1 T  -200 +325 1.676 0.05 1.68 
B1 T  -325 +400 1.286 0.16 2.03 
B1 T  -400 1.421 0.15 2.91 
B7 T  +200 2.422 0.32 0.71 
B7 T  -200 +325 1.393 0.15 1.35 
B7 T  -325 +400 0.838 0.21 1.57 
B7 T  -400 0.915 0.23 2.28 
B5 T  +200 2.631 0.07 0.84 
B5 T  -200 +325 1.408 0.05 1.39 
B5 T  -325 +400 0.863 0.15 1.86 
B5 T  -400 0.989 0.16 2.4 
B6 T  +200 2.893 0.1 0.86 
B6 T  -200 +325 1.451 0.08 1.33 
B6 T  -325 +400 0.864 0.12 1.77 
B6 T  -400 0.907 0.15 2.32 
Sample name Au, ppm Sample mass  
B4  Carbon 161.26 16.03  
B8  Carbon 196.59 16.04  
B2  Carbon 185.618 16.02  
B3  Carbon 172.772 16.09  
B1  Carbon 159.969 16.03  
B7  Carbon 204.113 16.12  
B5  Carbon 197.331 16  
B6  Carbon 201.201 12.49  
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Table D.2     Fire assay drum materials data 
Sample ID Carbon, % Gold, % Sulfur, % 
-10 mesh Drum 0.04 10.108 1.56 
D1 T +100 0.02 6.17 0.91 
D1 T +200 0.02 3.36 1.15 
D1 T +325 0.04 1.78 1.62 
D1 T +400 0.06 1.23 2.14 
D1 T -400 0.12 0.960 2.10 
D1 H +100 0.02 17.1 0.79 
D1 H +200 0.01 12.7 1.12 
D1 H +325 0.02 12.0 1.58 
D1 H +400 0.02 12.9 2.04 
D1 H -400 0.04 13.0 1.96 
D2 T +200 0.01 3.36 0.97 
D2 T +325 0.02 1.78 1.50 
D2 T +400 0.04 1.23 1.88 
D2 T -400 0.10 1.03 2.07 
D2 H +200 0.01 15.8 0.91 
D2 H +325 0.02 12.8 1.47 
D2 H +400 0.01 12.5 1.79 
D2 H -400 0.03 13.9 2.04 
D3 T +200 0.02 2.88 1.05 
D3 T +325 0.03 1.78 1.61 
D3 T +400 0.06 1.17 2.07 
D3 T -400 0.08 0.960 2.13 
D3 H +200 <0.01 14.3 0.84 
D3 H +325 0.02 13.2 1.52 
D3 H +400 0.01 13.1 1.91 
D3 H -400 0.02 13.9 2.05 
D4 T +200 0.02 3.70 0.90 
D4 T +325 0.02 1.78 1.62 
D4 T +400 0.07 1.37 2.19 
D4 T -400 0.10 1.10 2.51 
D4 H +200 <0.01 16.1 1.02 
D4 H +325 0.03 13.4 1.71 
D4 H +400 <0.01 12.7 2.00 
D4 H -400 0.02 13.8 2.21 
D5 T +200 0.02 2.26 0.94 
D5 T +325 0.02 4.25 1.34 
D5 T +400 0.05 1.10 1.84 
D5 T -400 0.08 1.03 2.00 
D5 H +200 <0.01 14.0 0.87 
D5 H +325 0.02 8.50 1.46 
D5 H +400 0.07 11.7 1.69 
D5 H -400 0.03 13.1 1.85 
D6 T +200 0.02 2.61 0.93 
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Table D.2     Continued 
Sample ID Carbon, % Gold, % Sulfur, % 
D6 T +325 0.02 1.51 0.60 
D6 T +400 0.05 1.03 1.77 
D6 T -400 0.08 0.892 2.09 
D6 H +200 0.02 14.1 1.08 
D6 H +325 0.02 13.8 1.57 
D6 H +400 0.03 12.8 1.51 
D6 H -400 0.04 13.3 1.89 
D7 T +200 0.06 2.50 0.82 
D7 T +400 0.05 1.10 1.87 
D7 T -400 0.08 0.823 1.91 
D7 H +200 0.02 13.9 0.84 
D7 H +325 0.02 13.9 1.39 
D7 H +400 0.02 12.8 1.66 
D7 H -400 0.05 14.2 1.83 
D8 T +200 0.05 1.37 1.28 
D8 T +325 0.05 1.17 1.54 
D8 T +400 0.06 1.10 2.00 
D8 T -400 0.09 0.617 1.67 
D8 H +325 0.02 13.4 1.15 
D8 H +400 0.02 14.9 1.72 
D8 H -400 0.03 14.0 1.84  
Customer  Gold  
Sample ID  mg/kg  
D1  281  
D2  295  
D3  302  
D4  299  
D5  294  
D6  316  
D7  319  








TESTING CONDITIONS AND NOTES 
 
 This section shows the dissolved oxygen, pH and free cyanide measurements gathered 
during bottle roll testing. Each condition table is followed by test details that could not be 
expressed in the tables. 
 
E.1 Bucket Samples Test Information 
 









0 5.6 10.86 0.697 -- 
2 7.4 10.88 0.059 2.24 
6 4.8 11.05 0.1561 1.56 
24 4.3 10.72 -- 1.12 
 
Test Notes 
First group of three tested, did not undergo overnight pH conditioning. Carbon not attrited prior 
to testing 
 









0 6.8 11.58 1.001 -- 
2 7.6 11.10 0.254 2.08 
6 5.2 10.83 -- 1.72 
24 4.1 10.50 -- 0.92 
 
Test notes 
















0 3.6 11.32 1.503 -- 
2 8.95 11.28 -- 1.24 
6 3.5 11.27 0.087 0.8 
24 2.9 11.10 -- 0.48 
 
Test Notes 
Second group of three tested, underwent 16 hours overnight pH conditioning. 1.457g lime added 
initially, 0.508g added at the start of the 24hr test. Carbon not attrited prior to testing 
 









0 2.8 11.70 1.576 -- 
2 5.1 11.28 -- 1.84 
6 3.8 11.20 -- 1.44 
24 3.3 10.95 -- 0.76 
 
Test Notes 
First group of three tested, did not undergo overnight pH conditioning. Carbon not attrited prior 
to testing.  
 









0 3.1 11.09 1.250 -- 
2 8.4 11.03 -- 1.08 
6 3.5 11.27 0.496 0.66 
24 2.9 10.10 -- 0.44 
 
Test notes 
Second group of three tested, underwent 16 hours overnight pH conditioning. 1.25g lime added 













0 2.6 11.08 1.137 -- 
2 7.1 11.37 0.217 1.24 
6 2.8 11.02 -- 0.68 
24 3.2 10.79 -- 0.56 
 
Test Notes 
Second group of three tested, underwent 16 hours overnight pH conditioning. 1.137g lime added 
initially, 0.375g added at the start of the 24hr test. Carbon not attrited prior to testing. 
 









0 3.5 11.53 2.402 -- 
2 2.4 11.20 -- 1.32 
6 3.6 11.15 -- 1.09 
24 2.2 10.87 -- 0.68 
 
Test notes 
Last pair tested, underwent 22 hours overnight pH conditioning. 2.022g lime added initially, 
0.381g added at the start of the 24hr test. DO probe not successfully calibrated prior to first 
measurement. Carbon not attrited prior to testing. 
 









0 3.8 11.41 2.042 -- 
2 2.5 11.20 -- 1.24 
6 3.7 11.38 -- 1.12 
24 2.7 11.03 -- 0.80 
 
Test Notes 
Last pair tested, underwent 22 hours overnight pH conditioning. 1.507g lime added initially, 
0.535g added at the start of the 24hr test. Carbon not attrited prior to testing 
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E.2 Drum Samples Test Information 
 









0 4.0 10.97 2.015 -- 
2 3.5 11.38 0.249 0.80 
6 3.3 11.31 0.101 0.92 
24 4.5 11.08 -- 0.64 
 
Test Notes 
Received 21 hours overnight conditioning, 2.015g lime added during conditioning. Carbon 
attrited and dried in aluminum tin, potentially caused gold to precipitate out of solution during 
cyanidation. 
 









0 5.5 11.34 2.248 -- 
2 4.4 11.03 -- 1.48 
6 3.5 11.28 0.242 1.44 
24 4.4 11.14 -- 0.44 
 
Test Notes 
Received 21 hours overnight conditioning, 2.248g lime added during conditioning. Carbon 
attrited and dried in porcelain bowl prior to testing. 
 









0 4.8 11.13 2.340 -- 
2 3.0 11.14 0.252 1.36 
6 3.7 11.03 -- 1.24 
24 6.9 10.8 -- 0.76 
Test Notes 
Received 26 hours overnight conditioning, 2.248g lime added during conditioning. Carbon 
attrited and dried in porcelain bowl prior to testing. 
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0 4.0 11.33 3.062 -- 
2 3.3 11.33 -- 1.44 
6 33 11.33 -- 1.52 
24 3.9 11.43 -- 0.64 
 
Test Notes 
Received 25 hours overnight conditioning, 3.062g lime added during conditioning. Carbon 
attrited and dried in porcelain bowl prior to testing. 
 









0 3.5 10.94 2.265 -- 
2 2.8 11.37 -- 1.32 
6 2.9 11.22 0.507 1.44 
24 3.7 11.05 -- 0.52 
 
Test Notes 
Received 23 hours overnight conditioning, 2.265g lime added during conditioning. Carbon 
attrited and dried in porcelain bowl prior to testing. 
 









0 2.7 10.98 2.470 -- 
2 2.9 10.99 0.150 1.44 
6 3.1 10.93 -- 1.36 
24 5.6 10.80 -- 0.72 
 
Test Notes 
Received 24 hours overnight conditioning, 2.47g lime added during conditioning. Carbon attrited 













0 3.2 11.19 2.460 -- 
2 6.9 11.13 0.206 2.00 
6 3.3 11.23 0.100 1.40 
24 3.7 11.06 -- 0.68 
 
Test Notes 
Received 24 hours overnight conditioning, 2.46g lime added during conditioning. Carbon attrited 
and dried in porcelain bowl prior to testing. 
 









0 4.0 11.13 2.579 -- 
2 4.3 11.13 0.250 1.08 
6 6.9 11.07 0.102 1.28 
24 3.7 10.98 -- 0.56 
 
Test Notes 
Received 23 hours overnight conditioning, 2.579g lime added during conditioning. Carbon 









 This appendix shows the mass balances for each sample for gold and sulfur. By using the fire assay data of each size fraction, 
and the fire assay of the carbon, it was possible to calculate overall gold recovery. ICP was used to determine the gold content of the 
leach liquor. 
 
F.1 Bucket Samples Mass Balance 
 
Table F.1     B1 mass balance by Tyler mesh size fraction  
H T 
 
Size Mass, g Gold, ppm S, % Gold, g S, g Mass, g Gold, ppm S, % Gold, g S, g R 
+100 117.4 8.92 0.85 0.0010 1.00 163.9 4.066 0.84 0.00067 1.38 36.33% 
+200 328.7 8.24 1.21 0.0027 3.98 219.9 2.754 1.25 0.00061 2.75 77.64% 
+325 134.4 7.55 1.72 0.0010 2.31 220.7 1.676 1.68 0.00037 3.71 63.55% 
+400 50.2 8.99 2.40 0.0005 1.20 265.4 1.286 2.03 0.00034 5.39 24.35% 
-400 311.6 9.96 2.07 0.0031 6.45 44.7 1.421 2.91 6.35E-05 1.30 97.95% 
Total 942.3 
  
0.0083 14.94 914.6 
  
0.0020 14.52 75.72%             
    
Tot ppm Tot % 
 
Tailings testing Tot ppm Tot % 
 







       
965.1 g 
   
Carbon, ppm 
     
End mass 
   
159.97 
      
939 g 
   
            
Head mass 965.1 g Tail mass 939 g Carbon mass 36.19 g Remaining Au in leach 
Au 8.83 ppm Au 2.24 ppm Au 159.97 ppm 0.00063 g Calc 









Table F.2     B2 mass balance by Tyler mesh size fraction  
H T 
 
Size Mass, g Gold, ppm S, % Gold, g S, g Mass, g Gold, ppm S, % Gold, g S, g R 
+100 232.6 8.61 0.85 0.0020 1.98 212.8 2.49 0.65 0.00053 1.38 73.56% 
+200 290.4 7.80 1.24 0.0023 3.60 189.7 2.54 1.19 0.00048 2.26 78.69% 
+325 154.3 7.79 1.67 0.0012 2.58 215.9 1.65 1.74 0.00036 3.76 70.27% 
+400 50.8 8.74 2.25 0.0004 1.14 196.7 1.23 1.92 0.00024 3.78 45.75% 
-400 282.4 10.42 2.21 0.0029 6.24 76.7 1.34 2.95 0.00010 2.26 96.50% 
Total 1010.5 
  
0.0089 15.54 891.8 
  
0.0017 13.44 78.89%             
    
Tot ppm Tot % 
 
Tailings testing Tot ppm Tot % 
 







       
939.5 g 
   
Carbon, ppm 
     
End mass 
   
185.62 
      
909.2 g 
   
            
Head mass 939.5 g Tail mass 909.2 g Carbon mass 35.23 g Remaining Au in leach 
Au 8.76 ppm Au 1.92 ppm Au 185.62 ppm -5.48E-05 g Calc 
















Table F.3     B3 mass balance by Tyler mesh size fraction  
H T 
 
Size Mass, g Gold, ppm S, % Gold, g S, g Mass, g Gold, ppm S, % Gold, g S, g R 
+100 16.4 8.29 0.81 0.00014 0.13 94.7 4.24 0.83 0.00040 0.79 -195.55% 
+200 201 7.57 1.00 0.0015 2.01 99.7 2.40 0.96 0.00024 0.96 84.29% 
+325 160.4 7.50 1.32 0.0012 2.12 308.5 1.6 1.35 0.00049 4.16 58.94% 
+400 92.3 9.37 2.03 0.00087 1.87 318.6 1.02 1.77 0.00033 5.64 62.34% 
-400 401.5 10.04 1.82 0.0040 7.31 157.6 1.09 2.15 0.00017 3.39 95.75% 
Total 871.6 
  
0.0078 13.44 979.1 
  
0.0016 14.94 82.07%             
    
Tot ppm Tot % 
 
Tailings testing Tot ppm Tot % 
 







       
1010.2 g 
   
Carbon, ppm 
     
End mass 
   
172.77 
      
988.1 g 
   
            
Head mass 1010.2 g Tail mass 988.1 g Carbon mass 37.89 g Remaining Au in leach 
Au 8.90 ppm Au 1.67 ppm Au 172.77 ppm 0.00080 g Calc 
















Table F.4     B4 mass balance by Tyler mesh size fraction  
H T 
 
Size Mass, g Gold, ppm S, % Gold, g S, g Mass, g Gold, ppm S, % Gold, g S, g R 
+100 53.9 9.25 0.79 0.00050 0.43 48.3 3.93 0.79 0.00019 0.38 61.92% 
+200 216.6 7.89 0.94 0.0017 2.04 135.2 2.357 0.95 0.00032 1.28 81.35% 
+325 169.4 8.12 1.32 0.0014 2.24 391.9 1.54 1.34 0.00060 5.25 56.13% 
+400 68.5 7.90 1.85 0.0005 1.27 211 0.94 1.55 0.00020 3.27 63.37% 
-400 363.8 10.28 1.91 0.0037 6.95 182.5 0.971 2.08 0.00018 3.80 95.26% 
Total 872.2 
  
0.0079 12.91 968.9 
  
0.0015 13.98 83.77%             
    
Tot ppm Tot % 
 
Tailings testing Tot ppm Tot % 
 







       
1083.6 g 
   
Carbon, ppm 
     
End mass 
    
281 
      
1071.3 g 
   
            
Head mass 1083.6 g Tail mass 1071.3 g Carbon mass 40.637 g Remaining Au in leach 
Au 9.017 ppm Au 1.54 ppm Au 161.26 ppm 0.0016 g Calc 
















Table F.5     B5 mass balance by Tyler mesh size fraction  
H T 
 
Size Mass, g Gold, ppm S, % Gold, g S, g Mass, g Gold, ppm S, % Gold, g S, g R 
+100 
   
0 0 
   
0 0 0 
+200 114.1 9.36 0.87 0.0011 0.99 80.6 2.63 0.84 0.00021 0.68 80.14% 
+325 271.4 8.01 1.28 0.0022 3.47 426.5 1.41 1.39 0.00060 5.93 72.36% 
+400 102.3 8.25 1.82 0.0008 1.86 309.3 0.86 1.86 0.00027 5.75 68.36% 
-400 482.78 10.32 1.86 0.0050 8.98 70.2 0.99 2.4 6.94E-05 1.68 98.61% 
Total 970.58 
  
0.0091 15.31 886.6 
  
0.0011 14.04 86.70%             
    
Tot ppm Tot % 
 
Tailings testing Tot ppm Tot % 
 







       
912.7 g 
   
Carbon, ppm 
     
End mass 
   
197.33 
      
906.3 g 
   
            
Head mass 912.7 g Tail mass 906.3 g Carbon mass 34.26 g Remaining Au in leach 
Au 9.34 ppm Au 1.30 ppm Au 197.33 ppm 0.00059 g Calc 
















Table F.6     B6 mass balance by Tyler mesh size fraction  
H T 
 
Size Mass, g Gold, ppm S, % Gold, g S, g Mass, g Gold, ppm S, % Gold, g S, g R 
+100 
   
0 0 
   
0 0 0 
+200 136.7 8.83 0.89 0.0012 1.22 75.5 2.893 0.86 0.00022 0.65 81.89% 
+325 428 7.83 1.26 0.0034 5.39 384.5 1.451 1.33 0.00056 5.11 83.35% 
+400 79.5 8.10 1.77 0.00064 1.41 357.7 0.864 1.77 0.00031 6.33 52.01% 
-400 407.6 10.75 1.94 0.0044 7.91 125.4 0.907 2.32 0.00011 2.91 97.40% 
Total 1051.8 
  
0.0096 15.92 943.1 
  
0.0012 15.00 86.59%             
    
Tot ppm Tot % 
 
Tailings testing Tot ppm Tot % 
 







       
954.2 g 
   
Carbon, ppm 
     
End mass 
   
201.20 
      
952.4 g 
   
            
Head mass 954.2 g Tail mass 952.4 g Carbon mass 35.79 g Remaining Au in leach 
Au 9.11 ppm Au 1.27 ppm Au 201.20 ppm 0.00028 g Calc 
















Table F.7     B7 mass balance by Tyler mesh size fraction  
H T 
 
Size Mass, g Gold, ppm S, % Gold, g S, g Mass, g Gold, ppm S, % Gold, g S, g R 
+100 
   
0 0 
   
0 0 0 
+200 35.2 8.06 0.69 0.00028 0.24 80.6 2.42 0.71 0.00020 0.57 31.18% 
+325 204.4 7.97 1.17 0.0016 2.39 426.5 1.39 1.35 0.00059 5.76 63.54% 
+400 89.8 7.92 1.68 0.00071 1.51 309.3 0.84 1.57 0.00026 4.86 63.53% 
-400 506 9.97 1.78 0.0050 9.01 70.2 0.92 2.28 6.42E-05 1.60 98.73% 
Total 835.4 
  
0.0077 13.15 886.6 
  
0.0011 12.79 86.86%             
    
Tot ppm Tot % 
 
Tailings testing Tot ppm Tot % 
 







       
894.3 g 
   
Carbon, ppm 
     
End mass 
   
204.11 
      
892.3 g 
   
            
Head mass 894.3 g Tail mass 892.3 g Carbon mass 33.55 g Remaining Au in leach 
Au 9.18 ppm Au 1.26 ppm Au 204.11 ppm 0.00024 g Calc 
















Table F.8     B8 mass balance by Tyler mesh size fraction  
H T 
 
Size Mass, g Gold, ppm S, % Gold, g S, g Mass, g Gold, ppm S, % Gold, g S, g R 
+100 0 0 
 
0 0 0 0 0 0 0 0 
+200 53 8.37 0.69 0.00044 0.37 22.3 4.16 0.91 9.27E-05 0.20 79.11% 
+325 284.8 7.72 1.15 0.0022 3.28 281.5 1.65 1.16 0.00046 3.27 78.94% 
+400 118.2 7.51 1.68 0.00089 1.99 330.2 1.02 1.68 0.00034 5.55 62.04% 
-400 485 9.45 1.76 0.0046 8.536 214.1 0.99 2.27 0.00021 4.86 95.39% 
Total 941 
  
0.0081 14.16 848.1 
  
0.0011 13.88 85.47%             
    
Tot ppm Tot % 
 
Tailings testing Tot ppm Tot % 
 







       
814.3 g 
   
Carbon, ppm 
     
End mass 
   
196.59 
      
807.9 g 
   
            
Head mass 814.3 g Tail mass 807.9 g Carbon mass 30.57 g Remaining Au in leach 
Au 8.62 ppm Au 1.30 ppm Au 196.59 ppm -4.04E-05 g Calc 












F.2 Drum Samples Mass Balance 
 
 
Table F.9     D1 mass balance by Tyler mesh size fraction  
H T 
 
Size Mass, g Gold, ppm S, % Gold, g S, g Mass, g Gold, ppm S, % Gold, g S, g R 
+100 254.7 17.1 0.79 0.0044 2.01 236.2 6.17 0.91 0.0015 2.15 66.54% 
+200 333.8 12.7 1.12 0.0042 3.74 345.1 3.36 1.15 0.0012 3.97 72.65% 
+325 173.7 12 1.58 0.0021 2.74 182.9 1.78 1.62 0.00033 2.96 84.38% 
+400 34.2 12.9 2.04 0.00044 0.70 128.4 1.23 2.14 0.00016 2.75 64.20% 
-400 308.6 13 1.96 0.0040 6.05 220.2 0.96 2.1 0.00021 4.62 94.73% 
Tot 1105 
  
0.015 15.24 1112.8 
  
0.0033 16.45 79.11%             
    
Tot ppm Tot %  Tailings testing Tot ppm Tot % 
 
    
13.69 1.38% 
 
Start mass 2.98 1.48% 
 
Carbon, ppm 
     
1147.8 g 




    
End mass 
    
      
1113.3 g 
   
            
Head mass 1147.8 g Tail mass 1113.3 g Carbon mass 43.05 g Remaining Au in leach 
Au 13.69 ppm Au 2.98 ppm Au 281 ppm 0.00031 g Calc 















Table F.10     D2 mass balance by Tyler mesh size fraction  
H T 
 
Size Mass, g Gold, ppm S, % Gold, g S, g Mass, g Gold, ppm S, % Gold, g S, g R 
+100 
   
0 0  
  
0 0 0 
+200 431.2 15.8 0.91 0.0068 3.92 434.4 3.36 0.97 0.0015 4.21 78.58% 
+325 246.6 12.8 1.47 0.0032 3.63 250.2 1.78 1.50 0.00045 3.75 85.89% 
+400 55.5 12.5 1.79 0.00069 0.99 62.2 1.23 1.88 7.65E-05 1.17 88.97% 
-400 94.2 13.9 2.04 0.0013 1.92 301.8 1.03 2.07 0.00031 6.25 76.26% 
Tot 827.5 
  
0.012 10.46 1048.6 
  
0.0023 15.38 85.52%             
    
Tot ppm Tot %  Tailings testing Tot ppm Tot % 
 
    
14.47 1.26% 
 
Start mass 2.19 1.47% 
 
Carbon, ppm 
     










      
1048.9 g 
 
            
Head mass 1058.5 g Tail mass 1048.9 g Carbon mass 39.69 g Remaining Au in leach 
Au 14.47 ppm Au 2.19 ppm Au 295 ppm 0.0013 g Calc 














Table F.11     D3 mass balance by Tyler mesh size fraction 
 H T 
 
Size Mass, g Gold, ppm S, % Gold, g S, g Mass, g Gold, ppm S, % Gold, g S, g R 
+100  
  
0 0  
  
0 0 0 
+200 421.5 14.3 0.84 0.0060 3.54 482.8 2.88 1.05 0.0014 5.07 76.93% 
+325 261.1 13.2 1.52 0.0034 3.97 294.1 1.78 1.61 0.00052 4.74 84.81% 
+400 50.7 13.1 1.91 0.00066 0.97 109.3 1.17 2.07 0.00013 2.26 80.75% 
-400 426.5 13.9 2.05 0.0059 8.74 186.6 0.96 2.13 0.00018 3.97 96.98% 
Tot 1159.8 
  
0.016 17.22 1072.8 
  
0.0022 16.04 85.64%             
    
Tot ppm Tot %  Tailings testing Tot ppm Tot % 
 
    
13.85 1.48% 
 
Start mass 2.07 1.50% 
 
Carbon, ppm 
     
1088.1 g 




    
End mass 
    
      
1078.8 g 
   
            
Head mass 1088.1 g Tail mass 1078.8 g Carbon mass 40.80 g Remaining Au in leach 
Au 13.85 ppm Au 2.07 ppm Au 302 ppm 0.00052 g Calc 















Table F.12     D4 mass balance by Tyler mesh size fraction 
 H T 
Size Mass, g Gold, ppm S, % Gold, g S, g Mass, g Gold, ppm S, % Gold, g S, g R 
+100  
  
0 0  
  
0 0 0 
+200 512.4 16.1 1.02 0.0082 5.23 453.1 3.7 0.9 0.0017 4.08 79.68% 
+325 219.1 13.4 1.71 0.0029 3.75 242.5 1.78 1.62 0.00043 3.93 85.30% 
+400 31.5 12.7 2 0.0004 0.63 93 1.37 2.19 0.00013 2.04 68.15% 
-400 337.7 13.8 2.21 0.0047 7.46 234.8 1.1 2.51 0.00026 5.89 94.46% 
Tot 1100.7 
  
0.016 17.07 1023.4 
  
0.0025 15.94 84.18%             
    
Tot ppm Tot % 
 
Tailings testing Tot ppm Tot % 
 
    
14.76 1.55% 
 
Start mass 2.44 1.56% 
 
Carbon, ppm 
     
1043.4 g 




    
End mass 
    
      
1028.2 g 
   
            
Head mass 1043.4 g Tail mass 1028.2 g Carbon mass 39.13 g Remaining Au in leach 
Au 14.76 ppm Au 2.44 ppm Au 299 ppm 0.0012 g Calc 















Table F.13     D5 mass balance by Tyler mesh size fraction 
 H T 
 
Size Mass, g Gold, ppm S, % Gold, g S, g Mass, g Gold, ppm S, % Gold, g S, g R 
+100  
  
0 0  
  
0 0 0 
+200 145.9 14 0.87 0.0020 1.27 195.2 2.26 0.94 0.00044 1.83 78.40% 
+325 332.7 8.5 1.46 0.0028 4.86 434.2 4.25 1.34 0.0018 5.82 34.75% 
+400 92.3 11.7 1.69 0.0011 1.56 133.1 1.1 1.84 0.00015 2.45 86.44% 
-400 454.9 13.1 1.85 0.0060 8.42 211.4 1.03 2 0.00022 4.23 96.35% 
Tot 1025.8 
  
0.012 16.10 973.9 
  
0.0027 14.33 77.27%             
    
Tot ppm Tot % 
 
Tailings testing Tot ppm Tot % 
 
    
11.61 1.57% 
 
Start mass 2.72 1.47% 
 
Carbon, ppm 
     
984.1 g 




    
End mass 
    
      
973.9 g 
   
            
Head mass 984.1 g Tail mass 973.9 g Carbon mass 36.90 g Remaining Au in leach 
Au 11.61 ppm Au 2.72 ppm Au 294 ppm -0.0021 g Calc 















Table F.14     D6 mass balance by Tyler mesh size fraction 
 H T 
 
Size Mass, g Gold, ppm S, % Gold, g S, g Mass, g Gold, ppm S, % Gold, g S, g R 
+100  
  
0 0  
  
0 0 0 
+200 355.2 14.1 1.08 0.0050 3.84 245.9 2.61 0.93 0.00064 2.29 87.19% 
+325 287.6 13.8 1.57 0.0040 4.52 567.6 1.51 0.6 0.00086 3.41 78.41% 
+400 25 12.8 1.51 0.00032 0.38 55.9 1.03 1.77 5.76E-05 0.99 82.01% 
-400 471.9 13.3 1.89 0.0063 8.92 270.3 0.892 2.09 0.00024 5.65 96.16% 
Tot 1139.7 
  
0.016 17.65 1139.7 
  
0.0018 12.33 88.90%             
    
Tot ppm Tot % 
 
Tailings testing Tot ppm Tot % 
 
    
13.66 1.55% 
 
Start mass 1.58 1.08% 
 
Carbon, ppm 
     
1161.2 g 




    
End mass 
    
      
1139.7 g 
   
            
Head mass 1161.2 g Tail mass 1139.7 g Carbon mass 43.55 g Remaining Au in leach 
Au 13.66 ppm Au 1.58 ppm Au 316 ppm 0.00031 g Calc 















Table F.15     D7 mass balance by Tyler mesh size fraction 
 H T 
 
Size Mass, g Gold, ppm S, % Gold, g S, g Mass, g Gold, ppm S, % Gold, g S, g R 
+100  0 
 
0 0  
  
0 0 0 
+200 91 13.9 0.84 0.0013 0.76  
  
0 0 100.00% 
+325 383.1 13.9 1.39 0.0053 5.33 528.2 2.5 0.82 0.0013 4.33 75.20% 
+400 29.8 12.8 1.66 0.00038 0.49 170.6 1.1 1.87 0.00019 3.19 50.80% 
-400 463.2 14.2 1.83 0.0066 8.48 305.1 0.823 1.91 0.00025 5.83 96.18% 
Tot 967.1 
  
0.014 15.06 1003.9 
  
0.0018 13.35 87.97%             
    
Tot ppm Tot % 
 
Tailings testing Tot ppm Tot % 
 
    
14.01 1.56% 
 
Start mass 1.75 1.33% 
 
Carbon, ppm 
     
1028 g 




    
End mass 
    
      
1006.6 g 
   
            
Head mass 1028 g Tail mass 1006.6 g Carbon mass 38.55 g Remaining Au in leach 
Au 14.01 ppm Au 1.75 ppm Au 319 ppm 0.00034 g Calc 
















Table F.16     D8 mass balance by Tyler mesh size fraction 
 H T 
 
Size Mass, g Gold, ppm S, % Gold, g S, g Mass, g Gold, ppm S, % Gold, g S, g R 
+100  
  
0 0  
  
0 0 0 
+200  
  
0 0 410.6 1.37 1.28 0.00056 5.26 0 
+325 410.7 13.4 1.15 0.0055 4.72 318.9 1.17 1.54 0.00037 4.91 93.22% 
+400 195 14.9 1.72 0.0029 3.35 55.3 1.1 2 6.08E-05 1.11 97.91% 
-400 401.5 14 1.84 0.0056 7.39 232.6 0.617 1.67 0.00014 3.88 97.45% 
Tot 1007.2 
  
0.014 15.46 1017.4 
  
0.0011 15.16 92.26%             
    
Tot ppm Tot % 
 
Tailings testing Tot ppm Tot % 
 
    
13.93 1.54% 
 
Start mass 1.12 1.49% 
 
Carbon, ppm 
     
1019.8 g 




    
End mass 
    
  
 
    
1017.4 g 
   
           
Head mass 1019.8 g Tail mass 1017.4 g Carbon mass 38.24 g Remaining Au in leach 
Au 13.93 ppm Au 1.12 ppm Au 336 ppm 0.00022 g Calc 





PARTICLE SIZE DATA 
 
 This appendix shows the particle size distribution of heads, after grinding, and tailings, 
after leaching. The particle size distribution is expressed as grams, mass fraction and cumulative 
percent passing for each sample. 
 
G.1 Bucket Samples Grinding Distribution 
 
Table G.1     Particle size distribution for B1 heads 
Feed, Calculated 
Distribution, g Weight Fraction Cu Passing 
Aperture Size, 
µm 1002.3 g 
Particle Size     
+212 22.5 2.24% 97.76% 212 
-212, +150 154.9 15.45% 82.30% 150 
-150, +106 213.2 21.27% 61.03% 106 
-106, +75 115.5 11.52% 49.51% 75 
-75, +53 83.5 8.33% 41.18% 53 
-53, +45 50.9 5.08% 36.10% 45 
-45, +38 50.2 5.01% 31.09% 38 
-38 311.6 31.09% 0.00% 0 
 
Table G.2     Particle size distribution for B1 tailings 
Feed, Calculated 
Distribution, g Weight Fraction Cu Passing 
Aperture Size, 
µm 914.6 g 
Particle Size     
+212 21.4 2.23% 97.77% 212 
-212, +150 143.5 15.69% 82.08% 150 
-150, +106 193.7 21.18% 60.90% 106 
-106, +75 26.2 2.86% 58.04% 75 
-75, +53 170.2 18.61 39.43% 53 
-53, +45 50.5 5.52% 33.91% 45 
-45, +38 265.4 29.01% 4.89% 38 









Table G.3     Particle size distribution for B2 heads 
Feed, Calculated 
Distribution, g Weight Fraction Cu Passing 
Aperture Size, 
µm 1010.5 g 
Particle Size     
+212 52 5.15% 94.85% 212 
-212, +150 180.6 17.87% 76.98% 150 
-150, +106 197.7 19.56% 57.42% 106 
-106, +75 92.7 9.17% 48.24% 75 
-75, +53 105.5 10.44% 37.80% 53 
-53, +45 48.8 4.83% 32.97% 45 
-45, +38 50.8 5.03% 27.95% 38 
-38 282.4 27.95% 0.00% 0 
 
Table G.4     Particle Size distribution for B2 tailings 
Feed, Calculated 
Distribution, g Weight Fraction Cu Passing 
Aperture Size, 
µm 891.8 g 
Particle Size     
+212 47.6 5.34% 94.66% 212 
-212, +150 165.2 18.52% 76.14% 150 
-150, +106 173.8 19.49% 56.65% 106 
-106, +75 15.9 1.78% 54.87% 75 
-75, +53 171.4 19.22% 35.65% 53 
-53, +45 44.5 4.99% 30.66% 45 
-45, +38 196.7 22.06% 8.6% 38 
-38 76.7 8.6% 0.00% 0 
 
Table G.5     Particle size distribution for B3 heads 
Feed, Calculated 
Distribution, g Weight Fraction Cu Passing 
Aperture Size, 
µm 871.6 g 
Particle Size     
+212 2.3 0.26% 99.74% 212 
-212, +150 14.1 1.62% 98.12% 150 
-150, +106 62 7.11% 91.01% 106 
-106, +75 139 15.95% 75.06% 75 
-75, +53 148 16.98% 58.08% 53 
-53, +45 12.4 1.42% 56.65% 45 
-45, +38 92.3 10.59% 46.06% 38 










Table G.6     Particle size distribution for B3 tailings 
Feed, Calculated 
Distribution, g Weight Fraction Cu Passing 
Aperture Size, 
µm 979.1 g 
Particle Size     
+212 32.9 3.37% 96.64% 212 
-212, +150 61.8 6.31% 90.33% 150 
-150, +106 79.7 8.14% 82.19% 106 
-106, +75 20.0 2.04% 80.15% 75 
-75, +53 238.5 24.36% 55.79% 53 
-53, +45 70.0 7.15% 48.64% 45 
-45, +38 318.6 32.54% 16.10% 38 
-38 157.6 16.10% 0.00% 0 
 
Table G.7     Particle size distribution for B4 heads 
Feed, Calculated 
Distribution, g Weight Fraction Cu Passing 
Aperture Size, 
µm 872.2 g 
Particle Size     
+212 13 1.49% 98.51% 212 
-212, +150 40.9 4.69% 93.82% 150 
-150, +106 78.7 9.02% 84.80% 106 
-106, +75 137.9 15.81% 68.99% 75 
-75, +53 106 12.15% 56.83% 53 
-53, +45 63.4 7.27% 49.56% 45 
-45, +38 68.5 7.85% 41.71% 38 
-38 363.8 41.71% 0.00% 0 
 
Table G.8     Particle size distribution for B4 tailings 
Feed, Calculated 
Distribution, g Weight Fraction Cu Passing 
Aperture Size, 
µm 978.9 g 
Particle Size     
+212 18.1 1.85% 98.15% 212 
-212, +150 40.2 4.11% 94.04% 150 
-150, +106 90.0 9.19% 84.85% 106 
-106, +75 45.2 4.62% 80.23% 75 
-75, +53 312.3 31.90% 48.33% 53 
-53, +45 79.6 8.13% 40.20% 45 
-45, +38 211.0 21.55% 18.64% 38 










Table G.9     Particle size distribution for B5 heads 
Feed, Calculated 
Distribution, g Weight Fraction Cu Passing 
Aperture Size, 
µm 970.6 g 
Particle Size     
+212 0.7 0.07% 99.93% 212 
-212, +150 4.9 0.50% 99.42% 150 
-150, +106 29.8 3.07% 96.35% 106 
-106, +75 78.7 8.11% 88.24% 75 
-75, +53 205.3 21.15% 67.09% 53 
-53, +45 66.1 6.81% 60.28% 45 
-45, +38 102.3 10.54% 49.74% 38 
-38 482.78 49.74% 0.00% 0 
 
Table G.10     Particle size distribution for B5 tailings 
Feed, Calculated 
Distribution, g Weight Fraction Cu Passing 
Aperture Size, 
µm 886.6 g 
Particle Size     
+212 1.2 2.24% 97.76% 212 
-212, +150 3.7 15.45% 82.30% 150 
-150, +106 26.8 21.27% 61.03% 106 
-106, +75 48.9 11.52% 49.51% 75 
-75, +53 344.2 8.33% 41.18% 53 
-53, +45 82.3 5.08% 36.10% 45 
-45, +38 309.3 5.01% 31.09% 38 
-38 70.2 31.09% 0.00% 0 
 
Table G.11     Particle size distribution for B6 heads 
Feed, Calculated 
Distribution, g Weight Fraction Cu Passing 
Aperture Size, 
µm 1051.8 g 
Particle Size     
+212 0.3 0.03% 99.97% 212 
-212, +150 5.5 0.52% 99.45% 150 
-150, +106 34.8 3.31% 96.14% 106 
-106, +75 96.1 9.14% 87.00% 75 
-75, +53 414.7 39.43% 47.58% 53 
-53, +45 13.3 1.26% 46.31% 45 
-45, +38 79.5 7.56% 38.75% 38 










Table G.12     Particle size distribution for B6 tailings 
Feed, Calculated 
Distribution, g Weight Fraction Cu Passing 
Aperture Size, 
µm 943.1 g 
Particle Size     
+212 1.4 0.15% 99.85% 212 
-212, +150 3.2 0.34% 99.51% 150 
-150, +106 24.7 2.62% 96.89% 106 
-106, +75 46.2 4.90% 91.99% 75 
-75, +53 289.6 30.71% 61.29% 53 
-53, +45 94.9 10.06% 51.22% 45 
-45, +38 357.7 37.93% 13.30% 38 
-38 125.4 13.30% 0.00% 0 
 
Table G.13     Particle size distribution for B7 heads 
Feed, Calculated 
Distribution, g Weight Fraction Cu Passing 
Aperture Size, 
µm 835.4 g 
Particle Size     
+212 0.1 0.01% 99.99% 212 
-212, +150 0.5 0.06% 99.93% 150 
-150, +106 4.5 0.54% 99.39% 106 
-106, +75 30.1 3.60% 95.79% 75 
-75, +53 119.9 14.35% 81.43% 53 
-53, +45 84.5 10.11% 71.32% 45 
-45, +38 89.8 10.75% 60.57% 38 
-38 506 60.57% 0.00% 0 
 
Table G.14     Particle size distribution for B7 tailings 
Feed, Calculated 
Distribution, g Weight Fraction Cu Passing 
Aperture Size, 
µm 873.8 g 
Particle Size     
+212 1.3 0.15% 99.85% 212 
-212, +150 1.5 0.17% 99.68% 150 
-150, +106 7.8 0.89% 98.79% 106 
-106, +75 25.8 2.95% 95.83% 75 
-75, +53 286.2 30.69% 65.14% 53 
-53, +45 133.5 15.28% 49.86% 45 
-45, +38 245.5 28.10% 21.77% 38 










Table G.15     Particle size distribution for B8 heads 
Feed, Calculated 
Distribution, g Weight Fraction Cu Passing 
Aperture Size, 
µm 941 g 
Particle Size     
+212 0.4 0.04% 99.96% 212 
-212, +150 0.9 0.10% 99.86% 150 
-150, +106 6.7 0.71% 99.15% 106 
-106, +75 45 4.78% 94.37% 75 
-75, +53 201.5 21.41% 72.95% 53 
-53, +45 83.3 8.85% 64.10% 45 
-45, +38 118.2 12.56% 51.54% 38 
-38 485 51.54% 0.00% 0 
 
Table G.16     Particle size distribution for B8 tailings 
Feed, Calculated 
Distribution, g Weight Fraction Cu Passing 
Aperture Size, 
µm 848.1 g 
Particle Size     
+212 0.7 0.08% 99.92% 212 
-212, +150 1.0 0.12% 99.80% 150 
-150, +106 5.7 0.67% 99.13% 106 
-106, +75 14.9 1.76% 97.37% 75 
-75, +53 201.1 23.71% 73.66% 53 
-53, +45 80.4 9.84% 64.18% 45 
-45, +38 330.2 38.93% 25.24% 38 
-38 214.1 25.24% 0.00% 0 
 
G.2 Drum Samples Grinding Data 
 
Table G.17     Particle size distribution for D1 heads 
Feed, Calculated 
Distribution, g Weight Fraction Cu Passing 
Aperture Size, 
µm 1105 g 
Particle Size     
+212 35.3 3.19% 96.81% 212 
-212, +150 219.4 19.86% 76.95% 150 
-150, +106 179.4 16.24% 60.71% 106 
-160, +75 154.4 13.97% 46.74% 75 
-75, +53 4.8 0.43% 46.31% 53 
-53, +45 168.9 15.29% 31.02% 45 
-45, +38 34.2 3.10% 27.93% 38 







Table G.18     Particle size distribution for D1 tailings 
Feed, Calculated 
Distribution, g Weight Fraction Cu Passing 
Aperture Size, 
µm 1112.8 g 
Particle Size     
+212 19.1 1.72% 98.28% 212 
-212, +150 217.1 19.51% 78.77% 150 
-150, +106 187.5 16.85% 61.92% 106 
-106, +75 157.6 14.16% 47.76% 75 
-75, +53 91.9 8.26% 39.50% 53 
-53, +45 91 8.18% 31.33% 45 
-45, +38 128.4 11.54% 19.79% 38 
-38 220.2 19.79% 0.00% 0 
 
Table G.19     Particle size distribution for D2 heads 
Feed, Calculated 
Distribution, g Weight Fraction Cu Passing 
Aperture Size, 
µm 828.3 g 
Particle Size     
+212 0.8 0.10% 99.90% 212 
-212, +150 13.6 1.64% 98.26% 150 
-150, +106 173 20.89% 77.38% 106 
-106, +75 244.6 29.53% 47.84% 75 
-75, +53 54.4 6.57% 41.28% 53 
-53, +45 192.2 23.20% 18.07% 45 
-45, +38 55.5 6.70% 11.37% 38 
-38 94.2 11.37% 0.00% 0 
 
Table G.20     Particle size distribution for D2 tailings 
Feed, Calculated 
Distribution, g Weight Fraction Cu Passing 
Aperture Size, 
µm 1048.9 g 
Particle Size     
+212 0.3 0.03% 99.97% 212 
-212, +150 18.2 1.74% 98.24% 150 
-150, +106 174.5 16.64% 81.60% 106 
-106, +75 241.7 23.04% 58.56% 75 
-75, +53 114.5 10.92% 47.64% 53 
-53, +45 135.7 12.94% 34.70% 45 
-45, +38 62.2 5.93% 28.77% 38 










Table G.21     Particle size distribution for D3 heads 
Feed, Calculated 
Distribution, g Weight Fraction Cu Passing 
Aperture Size, 
µm 1160.15 g 
Particle Size     
+212 0.35 0.03% 99.97% 212 
-212, +150 5.4 0.47% 99.50% 150 
-150, +106 144.8 12.48% 87.02% 106 
-106, +75 271.3 23.38% 63.64% 75 
-75, +53 60 5.17% 58.47% 53 
-53, +45 201.1 17.33% 41.13% 45 
-45, +38 50.7 4.37% 36.76% 38 
-38 426.5 36.76% 0.00% 0 
 
Table G.22     Particle size distribution for D3 tailings 
Feed, Calculated 
Distribution, g Weight Fraction Cu Passing 
Aperture Size, 
µm 1072.8 g 
Particle Size     
+212 0 0.00% 100% 212 
-212, +150 5.1 0.48% 99.52% 150 
-150, +106 114.5 10.67% 88.85% 106 
-106, +75 363.2 33.86% 55.00% 75 
-75, +53 190.7 17.78% 37.22% 53 
-53, +45 103.4 9.64% 27.58% 45 
-45, +38 109.3 10.19% 17.39% 38 
-38 186.6 17.39% 0.00% 0 
 
Table G.23     Particle size distribution for D4 heads 
Feed, Calculated 
Distribution, g Weight Fraction Cu Passing 
Aperture Size, 
µm 1101.2 g 
Particle Size     
+212 0.5 0.05% 99.95% 212 
-212, +150 80 7.26% 92.69% 150 
-150, +106 190.1 17.26% 75.43% 106 
-106, +75 242.3 22.00% 53.42% 75 
-75, +53 119 10.81% 42.62% 53 
-53, +45 100.1 9.09% 33.53% 45 
-45, +38 31.5 2.86% 30.67% 38 










Table G.24     Particle size distribution for D4 tailings 
Feed, Calculated 
Distribution, g Weight Fraction Cu Passing 
Aperture Size, 
µm 1023.5 g 
Particle Size     
+212 0.1 0.01% 99.99% 212 
-212, +150 30.9 3.02% 96.97% 150 
-150, +106 233.7 22.83% 74.14% 106 
-106, +75 188.5 18.42% 55.72% 75 
-75, +53 188.3 18.40% 37.32% 53 
-53, +45 54.2 5.30% 32.03% 45 
-45, +38 93 9.09% 22.94% 38 
-38 234.8 22.94% 0.00% 0 
 
Table G.25     Particle size distribution for D5 heads 
Feed, Calculated 
Distribution, g Weight Fraction Cu Passing 
Aperture Size, 
µm 1026.3 g 
Particle Size     
+212 0.5 0.05% 99.95% 212 
-212, +150 1.3 0.13% 99.82% 150 
-150, +106 0.5 0.05% 99.78% 106 
-106, +75 144.1 14.04% 85.74% 75 
-75, +53 171.4 16.70% 69.03% 53 
-53, +45 161.3 15.72% 53.32% 45 
-45, +38 92.3 8.99% 44.32% 38 
-38 454.9 44.32% 0.00% 0 
 
Table G.26     Particle size distribution for D5 tailings 
Feed, Calculated 
Distribution, g Weight Fraction Cu Passing 
Aperture Size, 
µm 973.9 g 
Particle Size     
+212 0 0.00% 100% 212 
-212, +150 0.8 0.08% 99.92% 150 
-150, +106 8.8 0.90% 99.01% 106 
-106, +75 185.6 19.06% 79.96% 75 
-75, +53 377.7 38.78% 41.17% 53 
-53, +45 56.5 5.80% 35.37% 45 
-45, +38 133.1 13.67% 21.71% 38 










Table G.27     Particle size distribution for D6 heads 
Feed, Calculated 
Distribution, g Weight Fraction Cu Passing 
Aperture Size, 
µm 1140.2 g 
Particle Size     
+212 0.5 0.04% 99.96% 212 
-212, +150 1.2 0.11% 99.85% 150 
-150, +106 24.7 2.17% 97.68% 106 
-106, +75 329.3 28.88% 68.80% 75 
-75, +53 162.3 14.23% 54.57% 53 
-53, +45 125.3 10.99% 43.58% 45 
-45, +38 25 2.19% 41.39% 38 
-38 471.9 41.39% 0.00% 0 
 
Table G.28     Particle size distribution for D6 tailings 
Feed, Calculated 
Distribution, g Weight Fraction Cu Passing 
Aperture Size, 
µm 1139.7 g 
Particle Size     
+212 0 0.00% 100% 212 
-212, +150 0.6 0.05% 99.95% 150 
-150, +106 13.6 1.19% 98.75% 106 
-106, +75 231.7 20.33% 78.42% 75 
-75, +53 324.9 28.51% 49.92% 53 
-53, +45 242.7 21.30% 28.62% 45 
-45, +38 55.9 4.90% 23.72% 38 
-38 270.3 23.72% 0.00% 0 
 
Table G.29     Particle size distribution for D7 heads 
Feed, Calculated 
Distribution, g Weight Fraction Cu Passing 
Aperture Size, 
µm 967.5 g 
Particle Size     
+212 0.4 0.04% 99.96% 212 
-212, +150 1.5 0.16% 99.80% 150 
-150, +106 3.2 0.33% 99.47% 106 
-106, +75 86.3 8.92% 90.55% 75 
-75, +53 248.2 25.65% 64.90% 53 
-53, +45 134.9 13.94% 50.96% 45 
-45, +38 29.8 3.08% 47.88% 38 










Table G.30     Particle size distribution for D7 tailings 
Feed, Calculated 
Distribution, g Weight Fraction Cu Passing 
Aperture Size, 
µm 1006.6 g 
Particle Size     
+212 0 0.00% 100% 212 
-212, +150 0.3 0.03% 99.97% 150 
-150, +106 2.4 0.24% 99.73% 106 
-106, +75 40.6 4.03% 95.70% 75 
-75, +53 350.1 34.78% 60.92% 53 
-53, +45 137.5 13.66% 47.26% 45 
-45, +38 170.6 16.95% 30.31% 38 
-38 305.1 30.31% 0.00% 0 
 
Table G.31     Particle size distribution for D8 heads 
Feed, Calculated 
Distribution, g Weight Fraction Cu Passing 
Aperture Size, 
µm 1012 g 
Particle Size     
+212 0.1 0.01% 99.99% 212 
-212, +150 2.2 0.22% 99.77% 150 
-150, +106 2.5 0.25% 99.53% 106 
-106, +75 18.5 1.83% 97.70% 75 
-75, +53 234.8 23.20% 74.50% 53 
-53, +45 157.4 15.55% 58.94% 45 
-45, +38 195 19.27% 39.67% 38 
-38 401.5 39.67% 0.00% 0 
 
Table G.32     Particle size distribution for D8 tailings 
Feed, Calculated 
Distribution, g Weight Fraction Cu Passing 
Aperture Size, 
µm 784.8 g 
Particle Size     
+212 0 0.00% 100% 212 
-212, +150 5.4 0.69% 100% 150 
-150, +106 10.7 1.36% 99.31% 106 
-106, +75 394.5 50.27% 97.95% 75 
-75, +53 229.9 29.29% 47.68% 53 
-53, +45 89 11.34% 18.39% 45 
-45, +38 55.3 7.05% 7.05% 38 










Table H.1     Sulfur, gold and mass content by size fraction for the bucket samples 
Heads  Tailings 
Size, µm Mass, g % S Au, ppm  Size, µm Mass, g % S Au, ppm 
B1 
150 117.4 0.85 8.915  150 163.9 0.84 4.066 
75 328.7 1.21 8.239  75 219.9 1.25 2.754 
45 134.4 1.72 7.55  45 220.7 1.68 1.676 
38 50.2 2.4 8.987  38 265.4 2.03 1.286 
0 311.6 2.07 9.955  0 44.7 2.91 1.421 
B2 
150 232.6 0.85 8.605  150 212.8 0.65 2.487 
75 290.4 1.24 7.799  75 189.7 1.19 2.544 
45 154.3 1.67 7.785  45 215.9 1.74 1.654 
38 50.8 2.25 8.743  38 196.7 1.92 1.225 
0 282.4 2.21 10.416  0 76.7 2.95 1.342 
B3 
150 16.4 0.81 8.286  150 94.7 0.83 4.241 
75 201 1 7.574  75 99.7 0.96 2.399 
45 160.4 1.32 7.495  45 308.5 1.35 1.6 
38 92.3 2.03 9.368  38 318.6 1.77 1.022 
0 401.5 1.82 10.038  0 157.6 2.15 1.087 
B4 
150 53.9 0.79 9.247  150 48.3 0.79 3.93 
75 216.6 0.94 7.888  75 135.2 0.95 2.357 
45 169.4 1.32 8.122  45 391.9 1.34 1.54 
38 68.5 1.85 7.904  38 211 1.55 0.94 
0 363.8 1.91 10.281  0 182.5 2.08 0.971 
B5 
150     150    
75 114.1 0.87 9.359  75 80.6 0.84 2.631 
45 271.4 1.28 8.005  45 426.5 1.39 1.408 
38 102.3 1.82 8.246  38 309.3 1.86 0.863 
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Table H.1     Continued 
Size, µm Mass, g % S Au, ppm  Size, µm Mass, g % S Au, ppm 
B6 
150     150    
75 136.7 0.89 8.825  75 75.5 0.86 2.893 
45 428 1.26 7.829  45 384.5 1.33 1.451 
38 79.5 1.77 8.101  38 357.7 1.77 0.864 
0 407.6 1.94 10.747  0 125.4 2.32 0.907 
B7 
150     150    
75 35.2 0.69 8.059  75 80.6 0.71 2.422 
45 204.4 1.17 7.973  45 426.5 1.35 1.393 
38 89.8 1.68 7.915  38 309.3 1.57 0.838 
0 506 1.78 9.971  0 70.2 2.28 0.915 
B8 
150 0  0  150 0 0 0 
75 53 0.69 8.37  75 22.3 0.91 4.156 
45 284.8 1.15 7.722  45 281.5 1.16 1.645 
38 118.2 1.68 7.507  38 330.2 1.68 1.02 
0 485 1.76 9.447  0 214.1 2.27 0.986 
 
Table H.2     Sulfur, gold and mass content by size fraction for the drum samples 
Heads  Tailings 
Size, µm Mass, g % S Au, ppm  Size, µm Mass, g % S Au, ppm 
D1 
150 254.7 0.79 17.1  150 236.2 0.91 6.17 
75 333.8 1.12 12.7  75 345.1 1.15 3.36 
45 173.7 1.58 12  45 182.9 1.62 1.78 
38 34.2 2.04 12.9  38 128.4 2.14 1.23 
0 308.6 1.96 13  0 220.2 2.1 0.96 
D2 
150     150    
75 431.2 0.91 15.8  75 434.4 0.97 3.36 
45 246.6 1.47 12.8  45 250.2 1.5 1.78 
38 55.5 1.79 12.5  38 62.2 1.88 1.23 
0 94.2 2.04 13.9  0 301.8 2.07 1.03 
D3 
150     150    
75 421.5 0.84 14.3  75 482.8 1.05 2.88 
45 261.1 1.52 13.2  45 294.1 1.61 1.78 
38 50.7 1.91 13.1  38 109.3 2.07 1.17 
0 426.5 2.05 13.9  0 186.6 2.13 0.96 
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Table H.2     Continued 
Size, µm Mass, g % S Au, ppm  Size, µm Mass, g % S Au, ppm 
D4 
150     150    
75 512.4 1.02 16.1  75 453.1 0.9 3.7 
45 219.1 1.71 13.4  45 242.5 1.62 1.78 
38 31.5 2 12.7  38 93 2.19 1.37 
0 337.7 2.21 13.8  0 234.8 2.51 1.1 
D5 
150     150    
75 145.9 0.87 14  75 195.2 0.94 2.26 
45 332.7 1.46 8.5  45 434.2 1.34 4.25 
38 92.3 1.69 11.7  38 133.1 1.84 1.1 
0 454.9 1.85 13.1  0 211.4 2 1.03 
D6 
150     150    
75 355.2 1.08 14.1  75 245.9 0.93 2.61 
45 287.6 1.57 13.8  45 567.6 0.6 1.51 
38 25 1.51 12.8  38 55.9 1.77 1.03 
0 471.9 1.89 13.3  0 270.3 2.09 0.892 
D7 
150  0   150    
75 91 0.84 13.9  75    
45 383.1 1.39 13.9  45 528.2 0.82 2.5 
38 29.8 1.66 12.8  38 170.6 1.87 1.1 
0 463.2 1.83 14.2  0 305.1 1.91 0.823 
D8 
150     150    
75     75 410.6 1.28 1.37 
45 410.7 1.15 13.4  45 318.9 1.54 1.17 
38 195 1.72 14.9  38 55.3 2 1.1 













Table H.3     Sulfur, gold and mass ratio by size fraction for the bucket samples 
Heads  Tailings 
Size, µm Mass:Au Mass:S S:Au  Size, µm Mass:Au Mass:S S:Au 
B1 
150 13.17 138.12 0.10  150 40.31 195.12 0.21 
75 39.90 271.65 0.15  75 79.85 175.92 0.45 
45 17.80 78.14 0.23  45 131.68 131.37 1.00 
38 5.59 20.92 0.27  38 206.38 130.74 1.58 
0 31.30 150.53 0.21  0 31.46 15.36 2.05 
B2 
150 27.03 273.65 0.099  150 85.56 327.38 0.26 
75 37.24 234.19 0.16  75 74.57 159.41 0.47 
45 19.82 92.40 0.21  45 130.53 124.08 1.05 
38 5.81 22.58 0.26  38 160.57 102.45 1.57 
0 27.11 127.78 0.21  0 57.15 26.00 2.20 
B3 
150 1.98 20.25 0.10  150 22.33 114.10 0.20 
75 26.54 201.00 0.13  75 41.56 103.85 0.40 
45 21.40 121.51 0.18  45 192.81 228.52 0.85 
38 9.85 45.47 0.22  38 311.74 180.00 1.73 
0 40.00 220.60 0.18  0 144.99 73.30 1.98 
B4 
150 5.83 68.23 0.09  150 12.29 61.14 0.20 
75 27.46 230.43 0.12  75 57.36 142.32 0.40 
45 20.86 128.33 0.16  45 254.48 292.46 0.87 
38 8.67 37.03 0.23  38 224.47 136.13 1.65 
0 35.39 190.47 0.19  0 187.95 87.74 2.14 
B5 
150     150    
75 12.19 131.15 0.09  75 30.63 95.95 0.32 
45 33.90 212.03 0.16  45 302.91 306.83 0.99 
38 12.41 56.21 0.22  38 358.40 166.29 2.16 
0 46.77 259.56 0.18  0 70.98 29.25 2.43 
B6 
150     150    
75 15.4 153.60 0.10  75 26.10 87.79 0.30 
45 54.67 339.68 0.16  45 264.99 289.10 0.92 
38 9.81 44.92 0.22  38 414.00 202.09 2.049 






Table H.3     Continued 
Size, µm Mass:Au Mass:S S:Au  Size, µm Mass:Au Mass:S S:Au 
B7 
150     150    
75 4.37 51.01 0.09  75 33.28 113.52 0.29 
45 25.64 174.70 0.15  45 306.17 315.93 0.97 
38 11.35 53.45 0.21  38 369.09 197.01 1.87 
0 50.75 284.27 0.18  0 76.72 30.79 2.49 
B8 
150     150    
75 6.33 76.81 0.08  75 5.37 24.51 0.22 
45 36.88 247.65 0.15  45 171.12 242.67 0.71 
38 15.75 70.36 0.22  38 323.73 196.55 1.65 
0 51.34 275.57 0.19  0 217.14 94.32 2.30 
 
Table H.4     Sulfur, gold and mass ratio by size fraction for the drum samples 
Heads  Tailings 
Size, µm Mass:Au Mass:S S:Au  Size, µm Mass:Au Mass:S S:Au 
D1 
150 14.89 322.41 0.046  150 38.28 259.56 0.15 
75 26.28 298.04 0.09  75 102.71 300.09 0.34 
45 14.48 109.94 0.13  45 102.75 112.90 0.91 
38 2.65 16.76 0.16  38 104.39 60.00 1.74 
0 23.74 157.45 0.15  0 229.38 104.86 2.19 
D2 
150     150    
75 27.29 473.85 0.06  75 129.29 447.84 0.29 
45 19.27 167.76 0.11  45 140.56 166.80 0.84 
38 4.44 31.01 0.14  38 50.57 33.09 1.53 
0 6.78 46.18 0.15  0 293.01 145.80 2.01 
D3 
150     150    
75 29.48 501.79 0.06  75 167.64 459.81 0.36 
45 19.78 171.78 0.12  45 165.22 182.67 0.90 
38 3.87 26.54 0.15  38 93.42 52.80 1.77 
0 30.68 208.05 0.15  0 194.38 87.61 2.22 
D4 
150     150    
75 31.83 502.35 0.06  75 122.46 503.44 0.24 
45 16.35 128.13 0.13  45 136.24 149.69 0.91 
38 2.48 15.75 0.16  38 67.88 42.47 1.60 
0 24.47 152.80 0.16  0 213.45 93.55 2.28 
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Table H.4     Continued 
D5 
Size, µm Mass:Au Mass:S S:Au  Size, µm Mass:Au Mass:S S:Au 
150     150    
75 10.42 167.70 0.06  75 86.37 207.66 0.42 
45 39.14 227.88 0.17  45 102.16 324.03 0.32 
38 7.89 54.62 0.14  38 121.00 72.34 1.67 
0 34.73 245.89 0.14  0 205.24 105.70 1.94 
D6 
Size, µm Mass:Au Mass:S S:Au  Size, µm Mass:Au Mass:S S:Au 
150     150    
75 25.19 328.89 0.08  75 94.21 264.41 0.36 
45 20.84 183.18 0.11  45 375.89 946.00 0.40 
38 1.95 16.56 0.12  38 54.27 31.58 1.72 
0 35.50 249.68 0.14  0 303.03 129.33 2.34 
D7 
Size, µm Mass:Au Mass:S S:Au  Size, µm Mass:Au Mass:S S:Au 
150     150    
75 6.55 108.33 0.06  75    
45 27.56 275.61 0.10  45 211.28 644.15 0.33 
38 2.33 17.95 0.13  38 155.09 91.23 1.70 
0 32.62 253.11 0.13  0 370.72 159.74 2.32 
D8 
Size, µm Mass:Au Mass:S S:Au  Size, µm Mass:Au Mass:S S:Au 
150     150    
75     75 299.71 320.78 0.93 
45 30.65 357.13 0.09  45 272.56 207.08 1.32 
38 13.09 113.37 0.12  38 50.27 27.65 1.82 

















Table H.5     Sulfur, gold and mass ratio after Rosin-Rammler analysis for the bucket samples 
Heads  Tailings 
Size, µm Mass:Au Mass:S S:Au  Size, µm Mass:Au Mass:S S:Au 
B1 
150 0.00% 0.00% 0.00%  150 0.00% 2.07% 0.00% 
75 40.29% 43.01% 22.34%  75 31.66% 69.76% 9.07% 
45 86.34% 98.62% 97.73%  45 98.24% 93.94% 96.27% 
38 92.28% 99.65% 99.42%  38 99.55% 96.56% 99.04% 
1 100.00% 100.00% 100.00%  1 100.00% 100.00% 100.00% 
B2 
150 0.00% 0.64% 0.00%  150 0.01% 4.40% 0.00% 
75 40.94% 62.37% 31.90%  75 43.46% 73.87% 16.01% 
45 98.44% 92.11% 83.57%  45 87.42% 94.72% 75.96% 
38 99.59% 95.49% 90.73%  38 92.91% 96.98% 86.35% 
1 100.00% 100.00% 100.00%  1 100.00% 100.00% 100.00% 
B3 
150 0.00% 0.00% 0.00%  150 0.00% 0.00% 0.00% 
75 13.30% 26.77% 33.05%  75 19.52% 36.22% 14.46% 
45 97.05% 81.60% 83.97%  45 78.32% 98.40% 74.96% 
38 99.26% 89.62% 90.95%  38 87.78% 99.59% 85.77% 
1 100.00% 100.00% 100.00%  1 100.00% 100.00% 100.00% 
B4 
150 0.00% 0.00% 0.00%  150 0.00% 0.00% 0.00% 
75 19.25% 38.31% 21.52%  75 10.84% 32.30% 13.99% 
45 97.52% 85.74% 97.67%  45 96.82% 98.26% 74.62% 
38 99.37% 91.95% 99.41%  38 99.21% 99.56% 85.56% 
1 100.00% 100.00% 100.00%  1 100.00% 100.00% 100.00% 
B5 
150     150    
75 0.77% 2.29% 0.00%  75 0.00% 21.11% 0.14% 
45 54.34% 61.41% 77.41%  45 81.56% 80.43% 45.20% 
38 73.60% 78.06% 94.72%  38 95.76% 89.26% 67.42% 
1 100.00% 100.00% 100.00%  1 100.00% 100.00% 100.00% 
B6 
150     150    
75 2.96% 6.16% 1.99%  75 1.26% 11.80% 0.10% 
45 63.41% 69.01% 60.58%  45 57.93% 74.85% 43.55% 
38 79.33% 82.67% 77.58%  38 76.02% 86.11% 66.24% 






Table H.5     Continued 
Size, µm Mass:Au Mass:S S:Au  Size, µm Mass:Au Mass:S S:Au 
B7 
150     150    
75 0.10% 0.37% 1.54%  75 4.01% 21.30% 0.11% 
45 43.50% 50.15% 58.86%  45 66.06% 80.52% 44.06% 
38 66.19% 70.81% 76.51%  38 81.02% 89.31% 66.60% 
1 100.00% 100.00% 100.00%  1 100.00% 100.00% 100.00% 
B8 
150     150    
75 0.29% 1.10% 1.36%  75 0.09% 2.43% 0.06% 
45 48.96% 56.64% 58.01%  45 43.65% 62.29% 41.25% 
38 70.03% 75.09% 75.98%  38 66.41% 78.72% 64.55% 
1 100.00% 100.00% 100.00%  1 100.00% 100.00% 100.00% 
 
Table H.6     Sulfur, gold and mass ratio after Rosin-Rammler analysis for the drum samples 
Heads  Tailings 
Size, µm Mass:Au Mass:S S:Au  Size, µm Mass:Au Mass:S S:Au 
D1 
150 0.01% 0.66% 0.00%  150 0.00% 0.69% 0.00% 
75 43.54% 62.59% 27.31%  75 22.09% 63.06% 12.19% 
45 87.27% 92.16% 81.78%  45 79.31% 92.32% 73.31% 
38 92.79% 95.52% 89.72%  38 88.28% 95.63% 84.81% 
1 100.00% 100.00% 100.00%  1 100.00% 100.00% 100.00% 
D2 
150     150    
75 30.76% 54.91% 0.00%  75 1.23% 0.01% 0.00% 
45 84.09% 90.91% 75.16%  45 57.14% 90.86% 67.77% 
38 91.23% 94.95% 93.98%  38 75.36% 97.90% 92.22% 
1 100.00% 100.00% 100.00%  1 100.00% 100.00% 100.00% 
D3 
150     150    
75 0.00% 21.63% 1.21%  75 4.51% 37.67% 0.19% 
45 82.68% 80.22% 57.24%  45 66.40% 86.32% 46.61% 
38 95.99% 89.04% 75.48%  38 81.10% 92.44% 68.40% 
1 100.00% 100.00% 100.00%  1 100.00% 100.00% 100.00% 
D4 
150     150    
75 9.52% 0.04% 1.22%  75 0.00% 0.27% 0.00% 
45 72.45% 91.37% 57.31%  45 77.78% 93.14% 66.08% 
38 84.63% 97.95% 75.53%  38 94.64% 98.37% 91.76% 
1 100.00% 100.00% 100.00%  1 100.00% 100.00% 100.00%   
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Table H.6     Continued 
Size, µm Mass:Au Mass:S S:Au  Size, µm Mass:Au Mass:S S:Au 
D5 
150     150    
75 1.63% 3.85% 2.02%  75 1.00% 17.52% 0.13% 
45 59.20% 65.20% 60.75%  45 55.93% 78.36% 44.86% 
38 76.72% 80.38% 77.70%  38 74.61% 88.05% 67.14% 
1 100.00% 100.00% 100.00%  1 100.00% 100.00% 100.00% 
D6 
150     150    
75 0.00% 10.11% 1.94%  75 1.96% 28.81% 0.07% 
45 79.90% 72.99% 60.32%  45 60.46% 83.58% 41.79% 
38 95.18% 84.94% 77.41%  38 77.51% 90.99% 64.92% 
1 100.00% 100.00% 100.00%  1 100.00% 100.00% 100.00% 
D7 
150     150    
75 0.73% 2.60% 1.49%  75    
45 54.10% 62.36% 58.59%  45 26.10% 70.13% 12.84% 
38 73.45% 78.67% 76.33%  38 52.30% 83.39% 37.87% 
1 100.00% 100.00% 100.00%  1 100.00% 100.00% 100.00% 
D8 
150     150    
75     75 4.46% 20.67% 0.00% 
45 39.12% 49.23% 30.46%  45 66.24% 79.84% 73.37% 
38 63.12% 70.34% 56.19%  38 80.99% 88.85% 93.69% 










This appendix contains the original project scope from Newmont, and the standard 




Intern R&D Project: Correlating laboratory and plant Au:S liberation and recovery relationships. 
The testwork will establish the comparative Mass vs Au and Au v S size recovery relationships 
for both the plant and the laboratory, and form the basis of a methodology to correct for the 
influence of closed circuit classification on gold recovery for sulphide hosted gold ores. 
Scope of work (summary): 
 Perform particle size analysis on cyclone overflow/CIL feed and CIL tailings composites 
from the Ahafo plant. Submit size fractions for Au & S analysis. 
 Use observed size recovery relationships to predict the grind-recovery relationship at the 
plant scale as a function of both mass and sulphur distribution 
 Conduct grind/leach testwork on Mill feed samples from the Ahafo plant, establish 
overall grind-recovery relationship (at 53, 75, 106 and 150 microns) 
 Perform particle size analysis on test feed and tail samples, including Au and S analysis 
by fraction. 
Scope of work, detail: 
(1) Plant Relationships: 
 Conduct size analysis of 4 x CIL feed composites (1 kg samples). 600, 425, 300, 212, 
150, 106, 75, 53 and 38 micron sieve series. Submit size fractions for Au and S 
analysis.  
 Conduct size analysis of 4 x CIL tailings composites (1 kg samples). 600, 425, 300, 
212, 150, 106, 75, 53 and 38 micron sieve series. Submit size fractions for Au and S 
analysis.  
 Determine gold recovery by size relationship, and relationships for Mass:Au, Mass:S 
and S:Au distribution. 
 
(2) Laboratory relationships: 
 Determine grind times to achieve 53, 75, 106 and 150 grind sizes. 
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 Generate 1kg feed samples for size analysis at each grind size, using 600, 425, 300, 
212, 150, 106, 75, 53 and 38 micron sieve series. Perform Au and S assays on each 
size fraction. 
 Generate 1kg feed samples for cyanidation testing, 24 hour leach at 1000 ppm NaCN 
or other standard NMS test conditions. 
 Conduct size analysis of leach tailings using 600, 425, 300, 212, 150, 106, 75, 53 and 
38 micron sieve series. Submit size fractions for Au and S analysis.  
 Determine gold recovery by size relationship, and relationships for Mass:Au, Mass:S 
and S:Au distribution. 
(3) Establish correlations between Plant and Laboratory relationships. 
 
I.2 Bottle Roll Carbon-in-Leach (CIL) Standard Operating Procedure 
 
This procedure applies to bottle roll carbon-in-leach cyanide leaching of ground ore to 
determine precious metal recoveries, grade and reagent consumptions. In this Carbon-In-Leach 
version, the gold aurocyanide complex in the aqueous phase is adsorbed onto activated carbon. 
The carbon is recovered at the end of the test, dried and sent for assays. 
Bottle roll CIL cyanidation tests are carried out in bottles rolled on a roller at 40 rpm.  
The duration of the test can vary between 8 and 96 hours but it is usually 24-hrs. The percent 
solid differs from each project but is usually between 25 to 50% solids. The carbon content is 
generally 15-20 grams per liter of pulp, and it should be the same as the mill processing the ore 
in subject. All personnel performing these procedures are required to have the appropriate health 
and safety training. In addition, all personnel are required to have a complete understanding of 
the procedures described within the SOP and receive specific training regarding these 
procedures, if necessary. 
 
This method involves the use of electrical and mechanical hazards as well as the use of 
compressed gasses.  All processes should be carried out using minimum proper Personal 
Protective Equipment (PPE) 
• Safety glasses and/or goggles 
• Steel-toed safety shoes or equivalent  
• Protective gloves  
• Respirators 
• Laboratory coat.   
Avoid loose clothing and tie up hair when around moving parts (roller). As with all tests, 
the primary responsibility for safety lies with the technician/engineer.   
 
EQUIPMENT AND SUPPLIES 
The following equipment and materials are required to perform bottle roll CIL cyanidation tests.  
 
• 1-gallon size or appropriate glass bottle 
• Roller 
• Vacuum and vacuum flasks 
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• Buchner funnel 
• Paper Filter 
• pH probe with compatible meter 
• Dissolved oxygen probe and meter 
• Cyanide titration setup 
• Activated carbon (attrited and soaked in cyanide) 
• 20 mesh (Tyler) screen 
• Balance capable of weighing 2 digits 
• Squeeze bottle 
• Weigh boats and spatulas 




The following reagents are required to perform bottle roll CIL cyanidation tests.  
 
• Sodium Cyanide 
• Hydrated Lime 
• pH buffer, 4.00 
• pH buffer, 7.00 
• pH buffer, 10.00 
• Oxygen, if required 
• Lead nitrate, if required 
• Silver Nitrate for cyanide titration  
• 5-(p-dimethylaminobenzylindene) rhodanine indicator 
• Acetone 





Hazards associated with conducting bottle roll cyanidation tests are listed below. Appropriate 
PPE’s, as listed in section 4 always need to be used. Proper spillage control needs to be in-place 
prior to start up.  In the case of spillage follow proper SOP’s.  
 
• Use of chemicals (handling, storage and disposal) i.e., sodium cyanide, hydrated lime, 
cyanide titration reagents 
• Equipment with moving parts (roller) 
• Glass breakage 
• pH, Eh and dissolved oxygen electrodes malfunction and breakage 
• Pulp spillage 
• Cyanide solution spillage 
• Electrical hazards 






If sample requires grinding:  
• The sample will be ground to the required size using a grind curve established using a 
laboratory rod mill.  
• Pour the ground pulp into the glass bottle using a funnel.  Use a water bottle to wash all 
solids into the glass bottle.  Weigh bottle plus pulp to determine if excess water is present 
using the % solids number as a guide, provided by the metallurgist.  
• If excess water is present, place the bottle with pulp on the counter top so that the solids may 
settle leaving clear solution (water) on top. Decant excess water to obtain the required leach 
percent solids stated on the test sheet. This can be accomplished by vacuum suction of the 
excess water.  
Note that at times you may have to add water instead of decanting. 
 
 
If sample does not require grinding: 
• Record the bottle tare weight in the test sheet.  
• Pour dry sample into the glass bottle.   
• Add tap water to adjust the percent solids content to the stated value on the test sheet. 
 
Samples are generally not pulverized (unless specified by metallurgist) prior to leaching 
as it changes the liberation and particle size/shape properties of the sample being tested. Only 
splits that are specifically taken for assay may be pulverized.  If a filter cake needs to be broken 
up it should be passed through a 28 mesh screen using a rubber stopper and blended and split 
according to the metallurgist’s instructions. 
 
Calibration and Standardization 
The pH meter should be calibrated with 2-points (pH 7.0 and pH 10) using standard 
solutions. If some measurements are found to be significantly outside of this range (+2 pH units) 
it is necessary to recalibrate the pH meter using the pH 4.0 standard. 
 
 
Sample Collection, Preservation and Storage 
• Filtrate should be stored in the analytical liquid receiving with red caps or a red label. 
• Solid samples should be prepped for assay and/or bagged  inventoried, placed in an 
appropriate container and stored in a sample storage or warehouse location  
• Wet filter cakes should be bagged inventoried, placed in an appropriate container and stored 
in a sample storage or warehouse location. Oxide samples may not be refrigerated however, 
transition or sulfide samples should always be stored in vacuum bags in a refrigerator. 
 
Procedure 
1. Adjust the pulp pH to between 10.8 and 11.5 with hydrated lime, and record the hydrated 
lime weight (A high pulp pH (>11.5) is not recommended, unless the test sheet states 
otherwise). For ph’s below 4, a one hour condition time may be required. If required, add 
required amount of lead nitrate and condition the pulp for 3-5 minutes 
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2. Add required amount of activated carbon (Carbon is added as 20 g/liter of pulp. Check and 
readjust pH, if necessary.) 
3. Add required amount of sodium cyanide (NaCN) and record the weight. Based on mineral 
characteristics and the other species (copper, silver, and other species) contained, leach 
parameters may need to be modified (especially the cyanide concentration).   
4. Record the weight of the bottle with pulp in the test sheet and place the bottle with pulp on 
the laboratory roll. 
5. For 24-hour test, after about 2, and 6 hours of elapsed agitation time (or the time required by 
the metallurgist) check for pH and dissolved oxygen concentration 
6. Allow the solids to settle and pipette 20 mls of clear solution. (Samples that appear cloudy 
may be syringe filtered through a 0.45 micron filter. Slurries that do not settle may be 
centrifuged). 
 
Titrate for sodium cyanide concentration 
1. Add hydrated lime, if necessary, to maintain: pH of >10.8 and adjust NaCN concentration to 
the target level by adding NaCN (Record reagent additions in the test sheet.) 
2. For the tests with 48 or 96 hours duration, the steps above should be also performed at 24, 48 
and 72 hours or any other time period specified by the metallurgist. 
3. Before putting the bottle back on the roller, water should be added to the bottle to readjust to 
the original weight of bottle+pulp. 
4. After the required agitation time to complete leaching, the final pH and dissolved oxygen 
must be measured (Do not introduce water into the leach bottle as it will dilute the solution). 
5. Weigh the bottle and record all data on the test sheet. 
6. Allow the solids to settle and pipette 20 mls of clear solution.(Samples that appear cloudy 
may be syringe filtered through a 0.45 micron filter). 
 
Titrate for sodium cyanide concentration.  
1. Screen out the carbon using a 20 mesh (841 µm) screen. This is done before filtering the 
pulp.  Place a filter paper on the vacuum filter.  Place the 20-mesh screen on top of the 
vacuum filter and screen out the carbon. Set aside the unrinsed carbon for processing later.  
2. Filter the remaining pulp to recover a clear pregnant solution using Buchner funnel attached 
to a vacuum system. With a weighed and labeled filter (For slurries that do not settle out, a 
filtrate sample may be taken from the vacuum flask) 
3. Discard the solution into cyanide waste container. 
4. Place the unrinsed carbon on the Buchner funnel and wash until water runs clean. 
5. Discard the wash water into the cyanide waste container. 
6. Dry the filter cake, and carbon. 
7. Record the dry weights on the test sheet and laboratory book. 
8. The carbon is submitted for assay according to the metallurgist’s instructions.   
9. The dry cake is prepped according to the metallurgist instructions (usually in duplicate). 
10. For leaches requiring particle size analysis, the residue is passed through a 28 mesh screen 
and split in half. One half is reserved for screen analysis and one half is pulverized, blended, 





Variations to consider  
 High silver content requires higher cyanide concentration (1000-5000 mg/l NaCN). 
 High copper content requires higher cyanide concentration (1000-5000 mg/l NaCN). 
 High pyrrhotite or marcasite content requires longer pre-aeration and lime addition before 
leaching.  These ores consume oxygen and lime causing viscosity problems. Air or oxygen 
may be required during leaching. 
 Calcines form strongly acid solutions requiring larger lime dosages. 
 High tellurium content requires high lime addition pH of about 11.5. 
 
CALCULATIONS 
Measured % Au recovery = 100 - [(g. residue x reside assay x 100) / (g. feed x head assay)] 
Calculated % Au recovery = 100 – [(g. residue x residue assay x 100) / {(g. residue x residue 
assay) + (g. preg x preg assay)}] 
NACN Consumption = [(Total g. NaCN added)-{(final NaCN titration, gpl) x (final liters preg)}] 





Cyanide waste is to be disposed of in the labeled plastic bucket located in the back of the 
Extractive Metallurgy Laboratory.  Frequently check of pH of bulk cyanide waste container is 




Used filter paper, residue, coarse, and leached samples must be disposed of in the bucket labeled 
solid waste. Solids must be dried and disposed of correctly in the dry solid waste. 
 
I.3 Cyanide Titration Standard Operating Procedure 
 
This titration procedure applies to solution cyanide concentration determination for 
cyanidation (bottle rolls and column leach) tests to.  Ultimately cyanide reagent consumption is 
determined. All personnel performing these procedures are required to have the appropriate 
health and safety training. In addition, all personnel are required to have a complete 
understanding of the procedures described within the SOP and receive specific training regarding 
these procedures, if necessary. 
 
EQUIPMENT AND SUPPLIES 
The following equipment and materials are required to perform bottle roll cyanidation tests.  
 
• Cyanide titration setup 
• Balance capable of weighing 2 digits 
• Squeeze bottle 
• Pipette 
• Weigh boats and spatulas 
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• Beakers for cyanide titration 
• Stir plate and magnetic stir bar 
 
REAGENTS 
The following reagents are required to perform bottle roll cyanidation tests.  
 
• Silver Nitrate for cyanide titration  
• 5-(p-dimethylaminobenzylindene) rhodanine indicator 
• Acetone 
• Sodium hydroxide 




Hazards associated with conducting bottle roll cyanidation tests are listed below. Appropriate 
PPE’s, as listed in section 4 always need to be used. Proper spillage control needs to be in-place 
prior to start up.  In the case of spillage follow proper SOP’s.  
 
• Use of chemicals (handling, storage and disposal) i.e., sodium cyanide, hydrated lime, 
cyanide titration reagents 
• Glass bottle breakage 
• Ground pulp spillage 






1. Aliquot 50 to 100 ml deionized water into a beaker with a stir bar on a stir plate. 
2. Add 2 drops NaOH solution and 3 drops indicator solution. 
3. Pipette exactly 10.00 ml of the sample solution in question into the beaker.  (Reagents 
and test procedure can be validated by titrating the 1.00 gpl NaCN standard solution.) 
4. Titrate with AgNO3 solution to the first definitive color change that might be described 
as approaching salmon pink from the starting yellow color. 
5. Record the volume of AgNO3 solution consumed to reach this endpoint. 
 
Calibration and Standardization 
Titration unit is calibrated at least once per year. 
 
Quality Control  
Variations to consider  
• High copper content requires higher cyanide concentration (1000-5000 mg/l NaCN) in 
cyanidation tests and copper cyanide complex interferes with titration. 
 
CALCULATIONS 
         NaCN, gpl = [2 x 49 x (ml AgNO3 consumed) x (Normality of AgNO3)] / 10 ml 
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Due to the relative ease of measuring kilograms instead of liters, 5.2045 grams of AgNO3 per 
3.000 total kg of solution has been determined to provide a useful quantity of titrant.  This recipe 
also accounts for impurities in the AgNO3 reagent, and overcomes the need for a calculation 
after titration.  The recorded ml of AgNO3 solution used in the titration, after dividing by 10, 





Cyanide waste is to be disposed of in the labeled plastic bucket located in the back of the 
Extractive Metallurgy Lab.  
 
Frequent check of pH of bulk cyanide waste container is required; please consult with SOP for 
cyanide solution disposal.  If pH is lower than 10.8, add lime until pH > 10.8.  
 
Solid Waste 
Used filter paper, residue, coarse, and leached samples must be disposed of in the bucket labeled 
solid waste. Solids must be dried and disposed of correctly in the dry solid waste.  
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APPENDIX J 
REPRODUCTION PERMISSIONS 
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